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Ccirrsioi,  ti u me  ucncribc'.l  in  which  mono -ntcta]  lie  coupler  arc 
cx  \>i.' 'u.  nc  cor.Cv.1  ci-p.Mon  cci]s  In  psevdo- marine  er  v Ironncnts . Dara  on 
S..‘i.E.  10i?0  r.t-'ci  fi  .u  i;inru.nun  alley  /J.  Cl  G - To  arc  presented.  The 

vi.lv.h  the  cells  cinulnte^  Is  one  In  which  a cingle  piece 
of  ruotal  io  L.jrjO!:';d  t;ii’o;i£:U  the  inte^'faci?  between  fuarine  sediments  eutd 
the  o/evlyi.i"  sec.  water.  Effects  cf  i^riiie  sulfate -reducing  bacteria  are 
superirposed  over  the  physico-cliemical  3>ste.T.  Tlie  polarities  of  tiie 
cei:..s  atuuiod,  cc  v.'el*  as  i?ikta  relating  cell  resistance  to  galvanic  cur- 
rent, are  tresentad.  Fosaibie  effects  of  rwdox  poteatiai  (E,j)  and  pH 
ere  dioc’jssel.  Tn : data  presented  show' that  the  strain  cf  rarlne  sulfate- 
reduco-’S  x.-jza  :■  these  expericier.ts  causes  a chejige  in  the  cathode  corapai-t- 
r/viits , • f cv  Lls  :oi\tali.ing  mild  steel  electiodcs  in  nutrient  mediua,  which 
Jesuits  in  as  laier.  es  a hOO  fold  Increase  in  galvanic  current.  • The  study  of 
potential ••iin;c  data  and  polarisation  pher.omena  Indicate  that  catlaodic  de- 
roj.c.ilzai,lon  is  i.ivoived. 
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'.he  sulfate -reducing  bacterium,  Desulfovibrlo  desulfuricans,^  has  long 
been  l-.ovm  to  accelerate  the  corrosion  of  iron  under  a4ia''.robic  conditions 
but  the  acchanism  of  this  reaction  has  been  subject  to  controversy.  Both 
cathodic  and  anodic  polarization  effects,  as  well  as  the  medium  supporting 
the  culture,  have  been  considered  responsible  for  the  I'eaction  of  ^he 
metallic  surfaces  Involved.  In  general,  two  metbcds  of  study  have  been  used. 
One  was  based  on  the  stoichiometric  relationship  between  the  weight  loss  of 
iron  electrodes  and  the  quantity  of  sulfate  ion  reduced  and  the  other  on  the 
study  of  potential -time  curves.  In  the  work  described  in  this  paper,  galvanic 
cells  were  constructed  in  \dxlch  the  electrodes  were  as  nearly  identical  as 
possible  while  anolyte  and  catho3.yte  differed.  In  this  manner  the  direction 
of  current  flow  was  determined  by  the  reactions  of  the  half-cell  electrodes 
to  their  electrolytes  and  the  effects  of  sulfate-reducing  bacteria  were  studied 
as  they  were  superiuqposed  over  a pre-existing  polarity.  Aluminum  alloy  6l-S  ^ 
and  S.  A.  E.  1020  steel, 5 because  of  their  different  polarization  character- 
istics, were  used  in  the  eiqperlments  described. 


LITERATURE  SURVEY 

A.  The  Environment  of  Anaerobic  Corrosion 

Tlie  3tt»rp.tuTe  contains  many  references  to  the  influence  of  sulfate- 
reducing  b'.cteii:.  on  the  corrosion  of  steel.  Papers  on  corrosion  by  marine 
sulfate-i jducere  typically  dealt  with  local  cell  action  or  with  the  anaerobic 
corrosio"  associfted  with  fouling.  Some  attention  has  also  been  given  to 
corrosion  rates  oi  steel  exposed  through  the  interface  between  sulfide-rich 
marine  sediments  and  the  overlying  water.  In  the  literature  examined,  the 
most  exhaustive  studies  were  carried  out  by  Starkey  and  Schenone(S6)  who  stated 
that  the  highest  corrosion  rates  of  steel  occurred  at  the  mud  line.  It  was 
also  stated  that  steel  specimens  buried  ccxapletely  in  low  redox  potential 
sediments  often  showed  lover  weight  losses  than  similar  specimens  e^qposed 
tlirough  the  sediment -water  interface.  Considerable  en^phasis  was  placed  v5)on 
sulfate -reducing  bacteria  as  agen'^s  proaotl-.^  corrosion  but  the  electro- 
chemical approach  to  the  problem  was  not  used.  The  paper  was  quantitative 
only  inasmuch  as  weight  loss  data  and  mlcrometrlc  measurements  were  presented. 

Little  quantitative  work  has  been  done  on  anaerobic  corrosion  by  marine 
sulfate -reducers  and  the  author  has  depended  much  upon  analogies  drawn  f^’om 
work  on  fresh  water  and  soil  corrosion  of  this  type.  In  hia  .-^vipw  articic, 
Deuber  W has  outlined  the  Important  aspects  of  the  microbiological  corrosion 
problem  and  presented  a bibllograpliy  of  conslderablt.  scope.  An  excellent 

^ Also  listed  \mder  the  genera  Vibrio,  Sporovlbrio,  Microspira  and  Spirillum. 
The  accepted  generic  name  for  sulfate -reducers  is  now  Des\U.fovibrio.  Some 
literatvire  refers  to  the  halophilic  strain  as  D.  estuaril  but  the  dis- 
tinction is  no  longer  made  in  this  country.  ~ 
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review  of  the  literature  and  a summary  of  the  cathodj.c  depolarization  theory 
of  anaeix)bic  corrosion  was  givi  .i  by  von  Wclzogen  Kuhr  and  van  der  Vlugt  (jl) . 
These  authors  stated  that  residual  stresses  left  in  iron  water  pipes  after 
fa'ox’i '.ation  resxiltcd  in  galvanic  micro-cells,  the  cathodic  menibers  of  which 
wei’c  subject  to  depolarization  by  hydrogen-utilizing  bacteria,  aerobic  or 
anaerob?  c . They  pointed  out  that  the  anaerobic  environment  required  by  sul- 
fate-reducers  was  established  throvigh  the  utilization  of  oxygen  by  aerobic 
species  of  oxyhydrogen  and  iron  bacteria.  The  ultimate  result  of  this  mechan- 
ism was  tubercle  formation  and  localized  corrosion  on  the  internal  walls  of 
v.Tvtor  mains.  Starkey  and  VJight  (2$),  Pont  (l6),  and  Bunker  (2,3)  have  re- 
j)v>rted  on  coi'rosion  in  anaerobic  soils.  Reducing  conditions  and  the  presence 
of  s\ilfate- reducing  bacteria  were  found  to  correlate  well  with  the  occurrence 
of  t\lghly  corrosive  soils. 

It  has  been  reported  that  the  redox  potential  and  oxygen  concentration 
in  liiarine  sediments  are  associated  with  the  distribution  of  bacteria  (39}* 
Sediments,  due  to  oxygen  utilization  by  aerobic  organisms,  are  known  to 
liavc  lower  redox  potentials  and  oxygen  concentrations  than  the  overlying  eca 
water.  However,  the  oxygen  concentration  just  above  the  mud  line  is  known 
to  be  quite  low.  This  could  result  in  inefficient  depolnrization  of  cathodic 
areas  on  metallic  objects  exposed  through  the  sediment-water  Interface.  The 
metabolic  activity  of  sulfate -reducing  bacteria  in  the  anaerobic  sedijoents 
could  depolarize  cathodic  areas  on  the  portion  of  the  metallic  structure  ex- 
tending below  the  mud  line,  and  the  reducing  capacity  of  the  sediments  should 
tend  to  stifle  oxidation  reactions.  In  Evans  description  of  the  classical 
differential  aeration  cell  (6),  the  aerated  electrode  was  cathodic  to  the 
air-free  e but  only  beceuise  oxygen  is  a cathodic  depolarizer.  Thur. , 

with  a po  ^rly  aerated  stratum  of  sea  Baxter  and  a more  efficient  cathodic  di  - 
polarize  in  the  axiaerobic  sediments,  there  would  be  no  reason  to  insist  t.'.at 
the  cati  ode  in  su  h a cell  must  be  the  aerated  electrode.  La  Que  (13)  has 
stated  that  the  ccrroslon  rate  of  steel  in  sea  water  is  controlled  by  cathodic 
depolarization.  This  author  has  also  suggested  that  the  hi^  weight  losses 
encountered  at  the  mud  line  may  be  due  to  abi'aslon  by  particles  carried  in 
bottom  drift  or  a "peculiar  effect  of  sulfate -reducing  bacteria"(l2).  The 
moo'ianlsm  of  cathodic  depolarization  by  sulfate -reducers,  acting  through  t!ie 
sediment -water  interface, could  be  responsible  for  the  weight  losses  ooser\'ad. 

In  the  work  of  ZoBell  and  Rittenberg  (4i),  it  was  shown  that  sulfate- 
reducing  bacteria  prefer  loosely  contacted  sediments  contaixxlng  large  amounts 
of  sand  to  tightly  compacted  clay  sediments.  Deuber  (4)  and  Bxinker  (2,3) 
apparently  with  reference  to  non-marine  environments,  stated  tlxat  poorly 
drained  clay  soils  containing  organic  residues  are  most  likely  to  support  the 
anaerobic  corrosion  mechanism.  The  tezminology  here  is  oxxl;'  relative  ar»l  It 
is  felt  that  a terrestrial  soil  considered  to  be  of  high  clay  „cntent  might 
be  considered  coarse  in  many  marine  environments.  VHiltehoxise  (37)  reported 
that  the  most  predominant  clay  type  of  Inland  bays  und  imaediately  off -short, 
regions  of  the  Texas  Gulf  Coast  is  montmoriUonite  and  that  in  certain  areas 
this  clay  comprises  the  major  component  of  the  sediments.  For  this  reason, 
bentonite,  largely  inon^"*orlllonitic  in  coiqposition,  was  used  in  some  of  the 
experimental  ciqposures  described.  The  reader  is  referred  to  the  dlscussion.i: 
of  Grim  (8),  Mason  (13)  (uid  \nxltehou8e  for  tlie  structure  and  chemistry  of 
this  clsy.  It  should  be  noted  here  that  bentonite  is  probably  a sub-optiaar. 
cvilture  environment  for  sulfate-reducing  bacteria. 


In  discussing  this  work  with  Dr.  C.  E.  ZoBcU  of  Scripps  Institute  of 
Ooeanogi apliy,  the  author  learned  that  the  term  "sulfate -reducer"  is  extr^aely 
auiblguou.:  and  that  in  many  cases  the  greatest  similarity  between  species  or 
sti-ains  of  bacteria^  how  lumped  under  the  genus  Dcs’xlfovibno,  is  the  ablliiy 
to  reduce  one  or  more  states  of  oxidized  sulfur  in  artificial  media.  In 
ZoUell'e  work^  the  only  cultures  considered  pure  are  those  grown  from  single 
ceil  isolations.  It  is  quite  possible  to  isolate  ftijm  a single  mud  grab 
t ^vci'al  stredns  uith  the  ability  to  reduce  sulfates  but  with  a limited  number 
c -r  other  physiological  capabilities  in  common.  Thus,  it  wo\dd  seem  imperative 
tnat  the  same  strain  of  sulfate-reducer  be  esployed  before  results  of  differen 
\.'0x'iNcr8  ca  i be  compared.  In  field  testing  it  is  impossible  to  meet  this  demot* 
.^')d  it  it  probably  unnecessary  assuming  that  mixtures  of  strains  result  in  an 
average  pI\ysiological  response  from  one  location  to  another.  The  sulfate- 
leducer  used  in  tlds  research  was  provided  by  the  Division  of  Microbiology 
cf  the  Scripps  Institute  of  Oceanography.  It  is  a hydrogen-utilizing  hetcro- 
troph  isolated  from  the  estuarine  sediments  of  Mission  Bay,  California.  In 
ZoBell's  laboratory  it  is  stock  culture  No.  334. 

B.  Biochemistry  of  Sulftle  Reduction 

Sisler  and  2k3Bell  (22)  have  quantitatively  studied  the  utilization  of 
hydrogen  by  marine  sulfate -reducing  bacteria.  Both  autotrophic  and  hetero- 
trophic  forms  have  been  Isolated  from  marine  sediments  and  studied  (?1^22,4o). 
Thirty-thre?  of  thlrty-ai;;e  pure  ctiltures  isolated  were  capable  of  utilizing 
hytlrogen  gas.  Oui  . three  cvilturea  were  incapable  of  utilizing  hydrogen 
c,xT.otroplii  .ally.  The  enzyme  considered  responsible  for  this  biochemical 
ii^clianis.*^  is  texiacH  hydrcfinase  and  is  capable  of  activating  molecular  by- 
6 '.'gen.  von  V/olzogon  Kulir  and  van  der  Vlugt  (51)  stated  that  molecxilar  hy- 
dv.geu  must  be  changed  to  atomic  liydrogen  before  it  can  enter  into  bio- 
chemical mechanisms  involving  sulfate  reduction.  Kluyver  and  Manten  (ll } 
f'ji'ther  stated  that  an  enzyme  other  than  the  usual  nubst^te  hydrogenase 
r>. ' :t  be  responsible  for  this  activation,  von  Wolzogen  Kuhr  and  van  tier  Vlugt 
considered  this  enzymatic  select.ivity  responsible  for  the  different  growth 
1 sites  of  aerobic  nydrogen  utilizers  when  grown  in  natural  i/ater  overlayere.. 
vriuh  oxyhydrogen  gas  and  the  same  system  con'*’-aining  metal  specimens.  It  we*, 
reasoned  that  atonic  hydrogen  adsorbed  on  catnodic  areas  of  the  metal  speci- 
mens made  possible  the  omission  of  one  biochemical  mechanism,  resulting  in 
the  growth  response  observed.  A growth  lag  period  ;ms  observed  in  systems 
from  wiiich  metallic  specimens  liad  been  excluded. 

Steplienson  an'^  Stickland  (27,28)  demonstrated  hydrogenase  activity  in 
sulfate -reducing  bacteria  as  well  as  other  organisms.  Aerobic  oocteria  with 
this  physiological  capcvbllity  were  found  able  to  reduce  oxygen,  nitrate, 
fisnarate  and  methylene  blue.  Evidence  was  stated  fox-  the  probable  involve- 
ment of  the  same  enzyme  in  sulfate -reduction  by  Desulfovlbrlo  debulfurlcans . 

In  later  research  (29).  these  workers  demonstrated  the  production  of  methane 
by  single  cell  lsolstlo..a  of  sulfate-reducers.  In  these  studies,  Stephenson 
and  Stickland  noted  that  only  single  carbon  compounds  were  reduced.  These 
were  carbon  dioxide,  formate  (as  the  calcium  salt),  carbon  monoxide,  methyl 
alcohol ■ and  fozmaldehyde^  the  latter  being  added  aa  the  weakly  dissociated 
confiound  hexamethylenetetramine.  In  the  formate  studies,  it  was  shown  that 
formic  acid  was  first  broken  down  to  H2  and  CO2  by  the  enzyme  fonnic  hydro- 
genlyase  and  these  products  were  recnobined  as  methans  tlirough  the  biocata- 
lytlc  Influences  of  hydrogenase.  Sisler  and  ZoBell  (25)  have  shown  that 
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ooveral  strains  of  marine  sulfate-reducers  are  capable  of  reducing  nitrogen. 
Nitrogen  fixation  may  be  associated  with  hydrogenase  activity.  Hobexiaan  and 
Rittenberg  (lO),  and  Lascelles  and  Still  (lU)  suggested  that  hydrogenase  nay 
be  r»ii  enzyme  of  the  Iron  jwrphyrln  type. 

Postage  (19)  has  shown  that  the  sulfate-reducing  bacteria  are  capable  of 
reducing  a number  of  the  oxidized  forms  of  sulfur  including  sulfat:,  thiosul- 
fate' sulfite j tetrathlonate^  metablsulfite^  and  oithionlte.  Of  furtlier 
intci'est  were  the  observations  of  Postgate  (18)  concerning  an  unknown  growth 
factor  lor  these  organisms  in  yeast  extract  and  peptones.  Both  the  i.idividual 
and  synergistic  effects  of  several  amino  acids  were  studied  in  Postgate 'e  work 
but  none  of  the  mixtures  employed  wex^  capable  of  reproducing  the  growth  level 
attained  through  the  use  of  peptones  and  yeast  extract.  It  was  stated  that 
the  laisuing  factor  or  factors  might  be  of  the  i>olypeptide  group.  Casein 
liydroiysates  were  also  active  In  growth  prenotion^  and  l^rince  and  Woolley  (24) 
have  sho'.m  that  strepogcnln^  isolated  from  the  polypeptides  of  casein  hydro- 
lysates., Is  active  In  growth  promotion  of  cez*taln  lactic  acid  bacteria.  In 
Postgate's  work.,  one  of  tiie  more  responsive  strains  to  yeast  extract -peptone 
media  was  a halophilic  st^-aln^  Texas  29.12.B.,  supplied  by  ZoBell  and  pre- 
sumably of  marine  oxdgln. 

Postgate  (17)  and  Rogei-s  (20)  have  worked  on  inhibition  mechanisms  con- 
cerning sulfate -reducers.  Postgate's  work  indicated  that  selenate  corveti- 
l^.vely  inhibits  the  reduction  of  sulfate^  and  Rogers  has  achieved  inhibition 
of  growth  by  the  use  of  proflavine  and  acrlflavlne  dyes.  It  was  Interesting 
to  note  the  ti"c*uial  sliollaritles  between  these  dyes  (jp)  and  riboflavin  ( •()• 
Both  the  edenlne  <iinuclcstlde  a.id  the  pho^hate  of  riboflavin  arc  prostheti-.; 
grci^is  fcj  en^^ma-tlc  reactions  involving  hydrogen  transfer  in  biological 
tissues.  It  Is  p.^rsible  tlrnt  the  dyes  used  by  Rogers  in  his  ixivestigations 
were  anti'-cnzyidatic  in  nature.  The  biochemical  approach  bears  much  promise 
for  the  ul'clmate  control  of  anaerobic  microbiological  corrosion.- 

C.  klectrochemical  Investigations 

Before  the  results  of  blocnemical  investigations  can  be  applied  to  the 
control  of  corrosion  by  sulfate -reducers ^ thr  electrochemical  mechanism  should 
bo  better  understood.  V/orrawell  ana  Farrer  (3^^)*  V/anltlyn  and  Spruit  (52)  and 
Hadley  (9}  have  reported  that  the  potentials  of  iron  electrodes  change  in  the 
anodic  direction  when  nutrient  media  in  which  they  are  exposed  are  inoculated 
with  pure  cultures  of  sulfate -reducers.  Uanldyn  and  Spruit  found  little  dif- 
ference in  the  corrosion  potentials  of  iron  electrodes  in  sterile  outctropMc 
media  and  those  inoculated  with  sulfate -reducers . They  lnterpr-''^ed  tlis  greater 
negativity  of  the  iron  electrode  la  inoculated  heterotrophlc  media  as  being  due 
to  tlte  production  of  sulfide  occasioned  by  the  addition  of  the  organic  hydrogc  : 
donor,  lactate.  This  would  agree  with  the  concept  of  sulfide  ion  as  an  anodic 
stimulator.  Hadley  interpreted  this  potential  change  as  being  due  to  cathodic 
depolarization.  Vanklyn  and  Spruit  disagreed  with  this  interpretation,  stat- 
ing that  cathodic  depolarization  voul^  be  exqpected  to  render  an  electrode  more 
cathodic.  The  work  of  von  V/olzogen  l&ihr  and  van  der  Vlugt  (31)  indicated  that 
cothodic  depolarization  is  Invol/ed  in  anaeroWc  corrosion.  Woznwell  and 
F^.7rer,  apparently  with  reference  to  the  concepts  of  polarized  electrodes  laid 
down  by  Z/ans  (3),  Hvans  and  Hoax*  (7)  and  Brown  and  Hears  (l),  sxiggested  that 
both  cathodic  and  anodic  polaxlzatlon  effects  are  resiKxasible  for  this  in- 
creasing negativity. 
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A ntudy  of  single  electrode  potentials  shows  that  iron  electrodes  in 
ni'j(^ia  Inoculated  with  sulfate-i'educing  bacteria  becooe  more  anodic  with 
rc’f'ei'cnci;  to  a standard  electrode  and  that  the  final  sol’'tion  potential  assmses 
cc;.o  dogx-eu  of  stability.  Such  a study  does  not  prove  that  the  electrode  will 
or  will  not  be  subject  to  depolarization  by  sulfate -reducers  if  uade  cathodic 
to  anot’K’r  electrode  in  a galvanic  circuit.  If  an  iron  cathode  in  p cultvure 
o.O  sulfate -reducing  bacteria  wer.  isolated  as  a separate  half -cell  and  con- 
•icftfcd  tlu-ough  an  external  circuit  to  an  iron  anode  in  a second  coi!5)ai*tB»ent, 
tile  cl.ur.,"es  in  pa.lv.inic  current  and  electrode  potentials  should  be  subject 
to  stu.lv  in  a ji’cnin.-r  similar  to  t>iat  used  by  Evans  (5/6)/  Evans  and  Hoar  (7), 

.'  :id  b-'w.T  url  y.a- 3 (l).  Essentially ; that  has  been  the  experimental  method 
c;.q)loyed  ia  11.1a  \/ork. 

Using  the  cell  described  abo''o  and  Illustrated  in  Figure  1,  changes  in 
galvanic  current  and  electrode  potentials  were  studied  by  closing  the  external 
circuit  through  a series  of  known  resistances.  A coi^parlson  of  inoculated 
cells  and  sterile  replicas  made  it  possible  to  study  the  effects  of  bacteria. 
The  same  method  was  applied  to  a study  in  which  sulfate -reducers  were  grown 
in  bentonite  and  a third  set  of  exposures  \ia8  run  to  study  the  effects  of 
saturating  sterile  bentonitic  slurries  with  sulfide.  These  procedures  are 
described  in  greater  detail  as  the  experimental  work  is  presented. 


APPARATUS 

^ • PotQntial  and  Current  Measurements 

-Potential  measurements  were  made  with  a Type  D Rubicon  potentiometer  of 
10”^  volt  accuracy  and  Rubicon  galvanometer  of  0.0122  mlcroanfere  sensitivity. 
The  latter  instiotmcnt  was  edso  tiscd  in  making  meosui'emects  of  galvanic  current. 
In  the  higher  current  raxiges  a calibrated  shunt  was  used  in  parallel  with  the 
instrument  resistance.  The  standard  cell  was  a certified  i^ply  Laboratories 
cell  of  1.0193  volt  at  20°  C vLth  a negative  temperature  coefficient  of  4.06  x 
10"^  volt  per  0°.  The  standard  cell  was  mounted  in  a well  which  was  then 
suspended  in  the  temperature  bath. 

B.  Resistance  Measurements 

Resistors  used  in  the  external  circuits  were  calibrated  using  a Brown 
Electro-Meaourement  Corp.  Model  250-C  In^edance  bridge.  The  Rubicon  galvanom- 
eter was  used  as  che  null  point  detector  in  D.C.  resistance  laRasurements . The 
limoedance  bridge  was  also  used  to  measure  internal  cell  reslctauce.  A 1000 
cycle  A.C.  signal  was  used  and  the  null  detector  in  these  measurements  was  a 
Epeaker-aagillfier  unit. 

C.  Reference  Electrodes 

Three  1 N calomel  reference  electrodes  were  prepared.  Two  of  these^  the 
primary  and  secondary  standards,  were  prepared  in  test  tubes  of  approximately 
5c  ml  volume.  The  third  electrode  was  made  up  in  12  nm  glass  tubing  with  a 
3 mm  delivery  tip  filled  with  1 N KCl  In  3*5)^  oser  gel.  The  latter  was  used 
r.s  a working  electrode  and  was  checked  against  the  primary  standard  after 
potentials  to  0.1  mv  irere  mcasuz’ed.  The  primary  utcoidard  electrode  was  as- 
sumed to  be  stable  when  variation  in  the  potential  dlffexence  between  it  and 


- 6 - 


the  aecondary  standard  did  not  exceed  0.05  mv.  At  this  tine,  the  primary 
electrode  was  assumed  to  liave  a half -cell  potential  of  -C.2il02  volt.  Po- 
tential measurements  were  all  r-latlve  to  this  electrode.  Periodic  checks 
between  the  primary  and  secondary  standard  electrodec  vere  made.  Reference 
electrodes  remained  in  the  teraperuture  bath  wnen  net  in  use. 

D Temperature  Control 

Tcn^jcrature  was  maintained  at  25°  + 0.01°  C during  the  time  that  polari- 
zation data  were  taken  and  at  25®  + 0.05®  C while  potential -time  data  were 
taken.  A mercury-toluene  thermoregulator  and  a vacuum  tube  relay  were 
adequate  to  achieve  this  control. 

E.  Air  Supply 

Air  was  supplied  liy  Model  1 Thlberg  aerators . The  air  was  filtered  at 
the  intake  side  of  the  aerators  and  brought  to  ten^erature  equilibrium  by 
passing  through  copper  tubing  coils  located  in  the  temperature  bath.  It 
was  next  brought  to  water  vapor  equilibrium  and  washed  by  bubbling  througli 
a flask  of  distilled  water  also  located  in  the  temperature  bath.  The  fl.ial 
air  filtration  was  acconqplished  by  sterile  cotton  filters  mentioned  later, 
(step  10;  Cell  Preparation) 


PREPARATIONS 


A.  St.?el  Electrodes 

S.A.E.  1020  steel  electrodes  of  12  mm  diameter  (I.I5  area)  with  a 
shoulder  of  approximately  2 mm  diameter  and  O.03  in.  in  depth,  were  tixmed 
from  blanks  of  0.09  in.  thickness.  .After  separation  from  the  blanks,  uhe 
electrodes  were  reversed  and  chucked  by  the  shoulder.  The  electrode  faces 
vere  dressed  using  a constant  lathe  speed,  a constant  cross-feed  rate,  (Jid 
a 0.001  in.  depth  of  cut.  After  all  signs  of  surface  film  vere  removed, 
the  electrodes  vere  polished  with  No.  120  emery  cloth.  Copper  lead  wires 
v/ere  soldered  on  the  back  of  the  electro '•'s  and  threaded  through  glass 
shanks  as  shown  in  Figure  1.  The  electrodes,  with  the  8h.oulders  extendi)^ 
into  the  open  end  of  the  glass  shank,  vere  then  cemented  in  place^  . Im- 
mediately before  exposure  they  were  again  polished,  cleaned  in  concentrated 
nitric  acid,  and  thoroughly  rinsed  in  distilled  water.  (See  electrode 
sketchef.  Figure  6). 

B . Aluminum  Electrodes 


Aluminum  6IS  - T6  electrodes  of  I8  sm  diameter  with  a center  recess  6 tan 
in  diameter  and  0.025  in.  in  depth  vere  turned  from  blanks  of  0.064  in. 
thickness.  The  electrodes  vere  center  drilled  on  the  lathe  and  threaded 
with  a 6-32  tap.  The  heads  of  half-inch,  6-32  machine  screws  vere  txurned 
down  until  they  could  be  inserted  into  6 mm  glass  tubing  and  copper  lead 
wires  were  soldered  to  them.  Tlie  screw  and  lead  wire  were  threaded  into 


Electrodes  vere  cemented  to  glass  shanks  with  the  Shell  Research  and 
Development  Co.  cement,  EPON  VI. 


- 7 - 


the  electrode  end  a safety  nut  was  threaded  on  the  portion  of  the  screw  ex- 
tending through  the  electrode.  The  lead  wire  was  run  through  a 6 inn  glass 
tubJng  slianK  "md  the  electrode  was  cemented  to  the  shank  ^ In  such  a manner 
tlint  the  t iblng  extended  inside  the  6 nan  center  recese.  The  area  of  cluMnum 
electrode  exposed  was  approximately  that  of  the  steel  electrode  (1.15  cm^). 
The  electrode  surface  opposite  the  center  recess  was  masked  off  with  cement. 
When  the  cement  had  hardened,  the  electrode  was  chucked  by  the  gltss  shank 
and  the  area  next  to  the  sha^  was  dressed  on  the  lathe.  The  remaining  steps 
are  the  same  as  those  used  in  the  preparation  of  steel  electrodes.  In  the 
assembled  cell,  the  electrodes  were  oeiented  horizontally  with  the  exposed 
areas  facing  upward.  The  conposition  of  alloys  is  given  below. 

Percentage  Conposition  of  Alloys 
S.  A.  E.  lOkO  Cl:  tel  (Material  No.  CI5679) 

Si  Cu  Cr  S C Mn  Ni  P Fe 

0.03  5755  0.029  0.21  .57^  oToF  o.ou  diff. 

The  mild  steel  specimens  were  in  the  hot-rolled  and  pickled  condition  when 
received . 

A1  61  S - T6  (S  - 132766) 

Si  Cu  Cr  Mg  A1 

0.25  0.25  1*0  diff. 

.11  61  S T6  was  in  the  solution  heat  treated  and  artificially  aged  con- 
dition her.  rect.ved. 

C.  Cell  Preparation 

Most  of  the  data  presented  wrre  taken  using  the  "H"  cell  shown  in 
Figure  1.  This  cell  was  assembled  in  such  a manner  that  on  anaerobic  culture 
of  marine  sulfote-reducing  bacteria  in  semi -solid  nutrient  agar  filled  the 
lovnsr  portion  of  the  right  half -ceil  to  a depth  of  about  3 cm  over  the  face 
of  the  electrode.  Tlie  remainder  of  the  haT^-cell  ims  filled  with  3*5^  see 
water  agar  which  upon  solidification  formed  a solid  bridge  through  the  in- 
ternal circuit  side  arm  connecting  the  two  half -cells.  The  left  half -cell, 
which  contained  sterilized  sea  water,  was  provided  with  aeration  tubes.  T:iis 
established  the  relative  oxygen  tension  in  the  right  and  left  half -cells.  In 
subsequent  discussions,  these  half -cells  will  be  called  respectively,  "ana- 
erobic half-oelx"  and  "aerobic  half -cell".  Sterile  controls  were  run  with 
the  inoculated  cells  and  all  cells  were  nm  in  duplicate. 

Some  data  were  token  from  cel? a designed  to  permit  variations  of  the 
cathode  and  anode  areas.  These  cells  conprlsed  the  same  circuit  as  the  "H" 
cells  but  were  composed  of  two  13OO  ml  beakers  connected  by  a salt  bridge. 

It  was  not  possible  to  maintain  biological  control  over  these  cells  and  their 
use  was  discontinued.  The  greatest  difficulty  in  obtaining  reliable  electro- 
chemical data  lay  in  the  differences  in  the  internal  resistance  of  the  cells. 


^ Electrodes  were  ceniented  to  glass  shanks  with  the  Shell  Research  and 
'Development  Co.  cement,  EPON  VI. 
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This^  however,  should  have  little  effect  on  open  circuit  potentials  and  these 
data  are  presented. 

The  seeps  necessary  in  the  preparation  of  the  "H"  celrs  are  listed  se- 
quentially. Letters  in  parentheses  refer  to  labels  on  Figure  1. 

1.  Filters  (a)  were  filled  with  cotton,  wrap;7ed  in  paper  and  3tei*llized. 

2.  The  side  arms  and  mouth  of  the  aerobic  half -cell  were  plugged  with 
cotton,  wrapped  in  payer,  and  the  unit  sterilized  eapty. 

Tlie  anaerobic  half -cell  was  prepared  in  a similar  manner  exc^t  that 
a short  section  of  rubber  tubing,  closed  on  one  end  by  a small  cork,  was 
placed  on  the  internal  circuit  ««ide  arm  and  40  ml  of  semi-solid  nutrient 
agar  were  placed  in  the  half-cell.  The  unit  was  then  sterilized. 

3b.  In  the  e^qperlnents  in  which  the  electrodes  were  exposed  in  saline 
bentonite,  5 grams  of  this  clay,  pretreated  ^ with  0.5  liter  of  nutrient 
medium,  were  supported  by  a pyrex  wool  pad  in  the  anaerobic  half -cell.  Tliis 
procedure  was  also  followed  with  cells  containing  sulfide -saturated  bentouiti^. 
The  half -cell  was  then  sterilized. 

4.  li/hen  the  nutrient  had  cooled  to  a semi -solid  state,  a 2 ml  inoculum 
of  sulfate -reducing  bacteria  was  aseptically  introduced  deep  into  tha  medium. 
It  was  fo'ond  exiidlent  to  then  incubate  the  anaerobic  half -cell  in  a Brewe» 
anaerobl j Jar  until  blackening  of  the  medium  gave  evidence  of  an  active 
cxiltun  In  stf  rile  controls  step  4 was  omitted. 

5<  The  electrode  (B)  suspended  by  a glass  sluuik  in  a No.  5 two  hole 
rubber  stopper,  was  sterilised  by  dipping  in  iso-prppyl  alcohol  and  drying 
under  ultraviolet  light.  The  electrode  was  then  flamed  as  it  was  passed  into 
the  half -cell.  The  second  hole  of  the  6topi>er  contained  a mercury  xrell. 

o.  A sterile  filter  (/.}  was  placed  on  the  vent  arm  (C)  of  the  anaerobic 
half -cell  and  sterile  3.5?  agar-sea  water  was  added  asepticedly  through  the 
bridge  arm  (D). 

7.  IJpon  solidification  of  the  ageu:  mixture,  the  internaJ_»<;i,Tcuit 
(E)  side  eums  of  both  half- cells  were  unwrapped. ajSd*’ joined  by  means 
of  the  rubber  tubing  inentioned,V'V  t.t*2p'>.*'*'/ne  cork  mentioned  in  step  5 
merely  seryj^  V;-  ow5lii  .7i*tna' agar-sea  water  mixtxure  before  soldificati-n  and 
wts ‘remc*/ed  before  Joining  the  two  half -cells. 

8.  The  agar  sea  water  niixtxure  was  added  to  the  bridge  am  of  the  aere-'  ed 
half -cell.  Pyrex  wool,  placed  in  the  bridge  am  before  sterilization,  sup- 
ported the  agar  while  still  liquid. 

9.  Tlie  cotton  plug  was  removed  frexa  the  mouth  of  the  aerated  half -cell 
and  sterile  sea  water  was  added.  The  electrode  was  placed  in  the  half -cell 
usi;;;^  the  same  procedure  as  in  step  6.  Cotton  filters  were  then  placed  on 
the  aeration  tubes. 


1 


The  method  of  pretreating  bentonite  is  described  Ir  a later  section 
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10.  The  cell  wac  placed  in  a constant  temperature  bath  and  the  ^renara- 
tion  vmo  connloted  by  connectinc  the  affluent  aeration  tube  (F)  to  a source 
of  ^/ashed  and  filtered  air  and  placing  the  end  of  the  lead  wire  (G)  of  the 
elecirode  into  the  mercury  well. 

P^fure  2 shows  the  conqileted  cell  with  an  active  culture  of  bacteria  in 
the  anaerobic  lialf-cell  and  the  aerator  line  in  place.  The  external  circuit 
lias  been  closed  by  placing  the  leads  of  a precision  resistor  int^  the  mercury 

uelli . 

Steps  4 through  9 vere  carried  out  in  a shielded  area  flooded  with  ultra- 
violet light.  All  sterilization,  other  than  that  of  the  electrode  assemblies, 
accomplished  by  autoclaving  at  19  psi  for  30  minutes. 

U.  Preparation  of  Medium 

The  bacteriological  mediuct  used  in  this  work  was  a modification  of  that 
used  by  Sicler  and  ZoBell(22}  in  their  studies  of  liydrogsn  utilization  by 
marine  sulfate -reducers.  The  congiosition  of  the  medium  Is  given  below. 


Bacteriological  Peptone  1.00  g 

Yeast  Extract 1.00  g 

Sodium  Lactate  (60^  solution)  4.20  g 

K2HPO4.3H2O  0.2625  g 

Pe(NH4)2(204)2.6H:>0 . O.5IOO  g 

MgS04.7H20  . . .“ 0.4075  g 

orbic  Acid O.O6OO  g 

Agar-agar  (Bacteriological)  3«0  g 

Sea  V/ater 1 liter 


The  reagents  were  weighed  out  and  mixed  thoroughly  with  1 liter  of  sea 
water.  The  mixture  was  heated  to  the  boiling  point  in  order  to  dissolve  and 
disperse  who  agar-agar,  and  then  poiu^d  into  the  anaerobic  cells  and  steil  > 
lized.  (step  3,  Cell  Preparation).  The  pH  of  the  medium  varied  fixsn  6.4 
to  6.7.  and  the  redox  potential,  referred  to  the  standard  hydrogen  electrode, 
varied  fi'om  +225  mv  to  +195  mv. 

E.  Preparation  of  Pretreated  Clays 

1.  Pretreatnent  of  Bentonite  for  *'H'*  Cell  Exposures  ' 

Fretreated  bentonite  was  prepared  by  adding  10  grams  of  clay  to  1 
liter  of  nutrient  medium  and  sterilizing  the  mixture.  The  necessity  for  pre- 
treat Ing  is  pointed  out  In  the  Appendix.  Sulfide -satiutited  bentonite  was 
prepared  by  bubbling  H2S  through  the  slurry  of  pre treated  bentonite.  Ho 
agar-agar  was  included  in  the  nutrient  solution  used  in  this  procedure  and 
the  sxqpematant  liquid  was  decanted  and  discarded. 

2.  Pretreatment  c2  Clays  for  Beaker  Cell  Exposures 

The  effects  of  sulfide-saturated  kaolinlte  and  lUite,  as  well  as 
variously  treated  bentonitic  slurries,  were  briefly  studied  in  bea-ker  cell 
e3q>osiires.  No  specific  studies,  such  as  those  carried  out  for  bentonite  (Sec 
Appendix)  were  made  to  determine  the  method  of  pretreating  kaolinlte  and 
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illite.  Tho  stated  omoiuitJ  of  these  cloys  vtre  chosen  in  order  that  their 
volumes^  when  saturated  with  nutrient  medium^  vrould  be  approximately  equal 
to  the  volume  of  the  20  cram  son^le  of  bentonite  used  in  the  beaker  cell 
tests . 


u . Sul fide -saturated  Kaoll ni te 


The  clay  used  in  the  preparation  of  the  pseudo-sediment  was  99.5^ 
pure  kaolinite  from  the  Aiken^  South  Carolina  source . Seventy.-/ive  iprams  of 
the  clay  were  sterilized  by  diy  heat  for  a period  of  about  10  hours.  The 
clay  \ia.a  then  mixed  asepticolly  with  1 liter  of  nutrient  medium  and  the  slurry 
was  transferred  into  a I5OO  ml  half-cell  containing  a mild  steel  electrode. 
After  about  18  hours  of  contact^  the  supernatant  liquid  was  removed  by  vacuum 
and  replaced  by  an  equal  volume  of  medium  containing  0.59?^  agar.  The  slurry 
was  then  saturated  with  H2S. 

b .  Sulfide -saturated  Illite 


The  Illite  used  in  these  preparations  was  an  impure  clay  con- 
taining carbon  contaminants.  It  was^  however^  practically  free  of  contaminn.- 
tlon  by  other  alumino-sllicate  minerals.  Tt.e  pretreatment  method  was  the 
some  as  that  eiqployed  in  pretreating  kaolinite^  excest  that  200  grams  of 
illite  were  used. 

c.  Sulfide-saturated  Bentonite 


The  b ntonite  used  in  these  e3q)eriments  was  a Harshaw  technical 
grp.de  reac  jnt.  The  method  of  preparation  was  the  some  as  for  the  two  clays 
mentione''  above  erfcept  tliat  20  grams  of  bentonite  were  used. 

d.  Sulfide -free  Bentonite 


Sulfide -free  bentonite  was  prepared  in  the  same  manner  as  other 
bentonitic  pseudo-sediments  except  that  it  was  not  saturated  with  HgS. 

F . Sea  V/ater 


All  of  the  sea  water  used  in  this  work  was  taken  at  one  location  and 
time.  It  was  aged  according  to  2k)Bell's  concepts  ('lO)  and  chlorinity  de- 
terminations were  made  using  the  Knudsen  method  (50) . The  chlorinity  was 
18 *35  °/So  P**  ranged  from  6.01  to  8.15.  The  redox  potential  (Ej,;  of  the 
sea  water  was  measured  after  being  in  contact  with  air  for  several  hours. 

Eh,  although  unstable,  was  about  300  mv  positive  to  the  standard  hydrogen 
electrode . 

G.  Inoculations 


All  Inoculations  were  made  with  a hydrogen-utilizing,  hetcrotx-ophic 
strain  (llo.35**)  of  Desymovibrlo  desulfuricons  supplied  by  the  Division  of 
Microbiology  of  the  Scrlpps  Institution  of  Oceanography. 


r 
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IimWDUCTION  TO  EXPERD-nSMTAL  WORK 


t 


A . Con-QSlon  Tlieory 

If  two  metals  of  different  chemical  coim'>cfiitlon  are  exposed  in  an  elec  ■ 
trolyte  and  connected  externally  by  an  electrical  conductor*  galvanic  cur- 
rent flows  from  one  metal  to  the  other.  Galvanic  current  will  ali  o flow 
btt^«ien  t^fo  electrodes  of  identical  conpositio):  they  are  exposed  in  dif- 

ferent electrolytes  connected  by  a salt  brldce . Under  either  of  these  con  • 
ditions,  the  anodic  meiiiber  of  the  circuit  will  suffer  a loss  of  weiglit 
which  is  directly  related  to  the  galvanic  current  by  Faraday’s  Law.  There 
arc  several  ways  to  ejqiress  Faraday's  La’.r  but*  fi’om  the  viewpoint  of  cor  - 
rosion electrochemistri'',  it  is  most  conveniently  expressed  in  terms  of  weight 
loss  as  follows: 


where  V/^  = vrelght  loss  of  the  anode  in  grams 
I = galvanic  current  in  as^eres 

t = time*  in  seconds;  during  which  galvanic  current  flows 
F = faraday  (96*500  c-oulombs) 

JgL  = gram-equivalent  weight  of  anodic  metal 

In  ''xperiments  on  galvanic  corrosion*  it  is  satisfactory  to  study 
weight  loi^u  at  . t is  related  to  galvanic  current  through  Faraday's  Law.  In 
other  e:  perlments*  in  which  it  Is  inpossible  to  duplicate  the  natural  cir- 
cuit* nvestiga^  ions  may  be  based  upon  the  change  in  galvanic  current  caused 
by  polarization  of  one  or  both  of  the  electrodes. 

The  following  resume  of  corrosion  theory*  taken  essentially  from  the 
work  of  Vesley  eind  Brown  (35}>  should  help  to  e^qplain  how  such  methods  are 
used  for  different  probleras  in  corrosion.  In  the  presentation  below  potentials 
are  considered  as  oxidation  potentials  while  the  authors  mentioned  above  use>.' 
the  convention  of  reduction  potentials. 

The  relationship  between  potentials*  current  and  resistance  in  galvani-: 
cells  may  be  stated  as  follows: 

- Sc  - * Sp 

where 

Eg  = polarized  potential  of  the  anode 
= polarized  potential  of  the  cethode 
I s galvanic  current  flow  through  the  cell 
h - resistance  of  the  metallic  portion  of  the  circviit 
(external  resistance) 

Rj^  s»  resistance  of  the  electrolytic  portion  of  the  circuit 
(internal  resistance) 

£^af  rAasiurements  made  wltli  a potentiometer  are  called  open  circuit  poten- 
tials because*  at  the  balance  point*  opposing  voltages  are  made  equal  so 
that  no  current  flows  in  the  circuit  being  measured.  The  open  circuit  po- 
tential of  the  cathode  (E^)  and  that  of  the  anode  (E^)  can  be  related  to 
their  polarized  potentials  by  the  following  expressions: 


.k- 
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vhere 


Eg  =.  E'  + f(,  lAc 


Tq  and  s polarizing  functions  of  the  cathode  and  anode ^ and 
and  s the  areas  of  the  cathode  and  anode. 


Tvlarization  is  defined  as  the  change  in  the  potential  of  an  electrode 
resulting  from  current  flow.  Reference  to  the  equations  above  shows  that 
the  potential  of  the  anode  changes  in  the  cathodic  direction  while  the  po- 
tential of  the  cathode  clianges  in  the  anodic  direction  as  galvanic  current 
increases.  A polarization  curve  is  a curve  which  Illustrates  these  relation- 
ships. It  can  be  visualized  that  the  electirodes  of  a galvanic  circuit  cannot 
continue  to  polarize  indefinitely.  If  I is  plotted  against  E^  and  Ea^  the 
maximum  galvanic  current  is  theoretically  fixed  by  the  intersection  of  the 
cathodic  and  anodic  polarlzeticn  curves. 


In  order  for  the  results  of  corrosion  tests  to  be  meaningful,  the  method 
of  investigation  must  duplicate  natural  conditions  as  neaurly  as  possible. 

In  many  corrosion  cells,  especially  those  which  are  produced  on  a single 
piece  of  metal  by  local  differences  in  the  electrolyte,  the  anodic  and  ca- 
thodic members  cannot  be  separated  and  rccoupled  throu^  measuring  circuits 
in  a manner  conparable  to  natural  conditions.  In  such  situations  the  study 
of  polarization  phen<xnena  can  be  a very  useful  method  of  approach.  If  Eq 
and  Ej^  are  plotted  along  the  ordinate  and  galvanic  current  is  plotted  along 
the  absciss  th  n the  vertical  distance  between  points  on  the  anodic  and 
cathodic  ; olariZKtion  curves  is  equal  to  the  drop  in  potential  through  the 
cell.  the  point  of  intersection  of  the  two  curves^  the  cell  resistance 
has  the..  .'eticaJIy  been  e:ctrapolated  to  zero  and  the  maximum  galvanic  current 
attainable  by  such  a cell  has  been  reached.  Because  of  this  relationship, 
anodic  and  cathodic  areas,  which  in  nature  are  separated  by  cxtrezoely  small 
distemces,  nay  be  isolated  as  separate  half -cells  and  studied  as  though 
they  still  existed  slde-by-slde. 

In  neutral  or  acid  electiolytes  one  of  the  most  common  causes  of  polari- 
zation is  the  electrodeposition  of  hydrogen  upon  the  cathode.  The  hydrogen 
is  adsorbed  in  the  atomic  state  Otid  cannot  be  evolved  unless  the  cathode  po- 
teniiul  is  equal  to  or  greater  than  its  equilibrium  potential  plus  its  hy- 
drogen overvoltage.  Adsorbed  liydrogen  on  the  metallic  surface  and  hydrogen 
ion  in  the  electrolyte  are  the  basic  c(xig>onents  of  a gas  electrode  analogous 
to  the  hydrogen  electrode.  Such  an  electrode  produces  an  emf  in  opposition 
to  that  of  the  cell  and  a consequentied  decrease  in  galvanic  current.  Tr.ls 
is  essentially  the  mechanism  of  cathodic  polarization  by  adsorocid  iiydrogen. 

Svdfate -reducing  bacteria  are  known  to  be  hydi'ogen-utillzers  and  it  has 
been  suggested  that  these  bacteria  more  readily  utilize  atomic  hydrogen 
adsorbed  on  cathodic  siurfaces.  Such  a mechanism  is  called  depolarization 
and  resvilts  in  greater  '■'trrosion  rates. 

B.  Conventions  Employed 

Tluoiaghout  the  remaining  presentation,  open  circuit  potentials  are  re- 
ported aa  oxidation  potentials  referred  to  the  standai'd  hydrogen  electrode 
and,  ^en  possible,  data  are  presented  on  duplicate  exposures.  E^  measure- 
ments are  also  referred  to  the  standard  hydrogen  electrode.  The  following 
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noraencloturo  will  apply  throughout  the  remainder  of  the  paper. 

1»  - externnl  rcoiatmico 

- internal  reaistar.icc 

P.D.  = potential  diffei'ence  between  cathode  and  anode  at  the 

time  that  the  external  circuit  was  closed,  cell 

voltace  on  open  circuit. 

L'J  - i.otential  drop  across  the  resistor  in  the  external  circuit. 
I:'R  + RO  * potential  tlrpp  thix)ugh  cell. 

I = ^^i  -anlc  current 

i r ir;:‘Li;cd  potential  of  the  anode 
13(.  = polarized  potential  of  the  cathode 

C.  E:qr>osiire  Systeris 

Several  electrochemical  systems  were  studied  in  connection  with  the 
co'Tosion  of  metalu  in  pseudo-inarine  environments.  The  exposure  made  in 
Leaker  cells  are  outlined  in  Table  1. 


Table  1 

Mild  Steel  -xposui-es  in  Beaker  Cells 


C-xi 

Contents  of 

Contents  of 

-ion* 

/Uiooroblc  Half -cell 

Aerobic 

Half -cell 

Sulfide-  fi-uiatvd 

Lilurry  of  kaolinite  in 

Aerated 

sea  water 

Kaolinite 

nutrient  medium  satu* 
i'<.^iid  with  HgS 

Sulfide -saturated 

Slurry  of  illite  in 

Aerated 

sea  water 

Ilxlte 

nutrient  medium  satu- 

rated •..’ith  Hr>S 
c 

Sulfide -saturated 

Slui-ry  of  bentonite  in 

Aerated 

sea  water 

Bentonite 

nutrient  medium  satu- 
rated with  H2S 

Sulfide -free 

Slurry  of  bentonite  in 

Aerated 

sea  water 

Bentonite 

nutrient  medium 

Inoculated 

Slui’ry  of  bentonite 

Aerated 

sea  water 

Bentonite 

inoculated  with  sulfate - 
redvicing  bacteria 

^ In  subsequent  discusr ' on,  the  entire  cell  is  considered  by  reference  to 
. the  description  under  "Cell  Designation". 


In.  all  of  the  beaker  cells,  the  aerated  electrodes  were  anodic  to  the 
air-free  electrodes,  and  in  keeping  with  the  terminology  applied  to  the  "H" 
cells,  the  half -cell  containing  sterilized  sea  water  has  been  called  the 
"aerobic  half -cell'  and  the  half -cell  containing  clay  has  been  colled  the 
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"anaerobic  half-coil".  The  sui'face  area  of  all  electrodes  ejqposcd  In  the 
beaker  cells  was  128  cm^. 


Beaxer  cello  were  found  objectionable  in  oeveral  vayo  and  a number  of 
e:q)osures  wei*e  mode  in  the  'H  ' cells  previously  described.  The  exposures 
Kade  in  "H"  cells  are  outlined  in  Table  2. 


Table  2 

Kild  Steel  nnd  A1  6l  S E^qposures  in 

"H"  Cells 

Cell 

Contents  of 

Contents  of 

Designation* 

Anaerobic  Half -cell 

Aerobic 

Half -cell 

Mild  Steel  in  Sterile 

Sterile  nutrient 

.'Verated  sea  water 

NiV'irlent  Medium 

medium 

Mild  Steel  in  Ihitrient 

Nutrient  medium  inoc- 

Aerated 

sea  water 

MiL-dlut.;  Inoculated  With 

ulatud  with  sulfate- 

S'llfate-reducing  Bac- 
tci*ia 

reducing  bacteria 

Mild  Steel  In  Sulfide- 

Slurry  of  bentonite  in 

Aerated 

sea  watex' 

fi-eo  ' . 

nutrient  medium 

Mild  Cto'  ..  In  Sulfide- 

Slvurry  of  bentonite  in 

Aerated 

sea  water 

Si'.tu’.'atc  Dentoiii  t.e 

nutrient  medium  satu- 
rated with  H2S 

Mild  Steel  In  Benton- 

Slurry  of  bentonite  in 

Aerated 

sea  water 

itic  SLurrleu  Inoc- 

nutrient  medium  inoc- 

u3e-.>d  Uith  Sulfate- 

ulated  with  sulfate- 

ilnctoria 

reducers 

Al  6l  S in  Inoculated 

Nutrient  medium  inoc- 

Aerated 

sea  water 

Uutrient  Mcdiian 

ulateC  with  suliute- 
reduclng  bacteria 

;a  6l  S in  Sulfide- 

Slurry  of  bentonite  in 

Aerated 

sea  water 

soturated  Bentonite 

nutrient  medium  satu- 
rated with  H2S 

.M  6l  S in  Inoc- 

Slurry  of  bentonite  in 

Aerated  sea  Y'ater 

vilated  Bentonite 

nutrient  medium  inoc- 
ulated with  sulfate- 

reducei's 

A1  6l  S in  Sulfide- 

Slurry  of  bentonite  in 

Aerated 

sea  water 

free  Bentonite 

nutrient  medium 

* In  subsequent  discussion,  the  entire  cell  is  considered  by  refei'ence  to 
the  description  under  "Cell  Designation”. 
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I>-  shovld  be  kept  in  mind  that  In  all  of  the  cells,  the  anode  and 
cathocl"  of  a given  system  consisted  of  the  same  metal  and  were  prepared  in 
such  a r.<umer  that  they  were  as  nearly  identical  as  possible. 

Fifteen  hundred  ml  half -cells  %rere  assembled  by  mounting  electrodes 
and  bridges,  as  well  as  tubing  to  permit  the  Edition  or  withdraws',  of 
solutions,  in  a paper  ten^late  which  was  then  fastened  over  the  top  of  the 
half -cell  by  rubber  ban^s.  A bubbling  stone  aerator  and  an  air  pressure 
relief  tube  were  included  in  the  aerated  half -cell.  Twelve  hundjred  and 
fifty  ml  of  dis.  ..'led  water  were  addled  and  the  beaker  assemblies  were 
autoclaved,  l^on  reiaoval  from  the  sterilization  chazaber,  hot  peu:^fln  (lOO^C) 
was  poured  over  the  distilled  water.  After  solidification,  a second  paraffin 
seal  (180^  C)  was  poured  which  coopletely  filled  the  space  xinder  the  paper 
tei^plate.  Upon  solidification  of  the  paraffin,  the  distilled  water  was 
removed  by  vacuum  and  replaced  by  1 liter  of  the  i\ppropriatc  solutions.  Upon 
conpletlon  of  the  half -cell  assenblies,  the  salt  bridges  of  half -cell  pairs 
were  connected  by  a Glass  "H"  tube  and  filled  with  3.5r  sgar-agar. 


PRESENTATION  OF  DATA  OBTAINED  USING  BEAKER  CELLS 
A.  Corrosion  of  Mild  Steel  in  Cells  Containing  Kaolinite  and  Illite 

In  spi  ..c  c.r  ;he  fact  that  bentonitic  clays  are  often  predominant  in  tho 
sediment':  of  off-shore  regions,  it  was  considered  advisable  to  briefly  stUiV 
the  rel.^tionsixii.  between  other  clay  types  and  galvanic  corrosion  in  the  ctiP.- 
centrat.4on  cell  i reduced  across  the  sediment -water  interface.  Rather  than 
to  carry  out  a coiplete  set  of  ezqzeriments,  effects  of  sulfide -saturated 
kaolinite  and  illite  are  compared  with  those  of  sulfide -saturated  bentonite. 

1.  Sulfide-saturated  Kaolinite 


Duplicate  cells  were  assembled,  as  previously  described,  axid  placed 
in  the  tesperature  bath.  Table  3'A  contains  the  chronological  changes  in 
oxidation  potentials  of  the  mild  steel  electrodes  esqposed.  After  490  hours, 
the  external  circuits  were  closed  through  known  resistances.  Data  relating 
galvanic  current  to  sell  resisteuice  are  presented  in  Table  3-B.  Data  de- 
rived from  this  table  are  plotted  in  Figure  3 at  the  end  of  the  section -on 
beaker  cells.  Due  to  variable  internal  i*esl8tance,  the  galvanic  current 
data  from  cell  1 are  not  presented  in  Table  3-B. 

2.  Sulfide - saturated  Illite 


Duplicate  cells,  similar  to  those  described  above  for  kaolinite, 
were  prepared  using  illite  in  the  anaerobic  half -cell.  Table  4-A  contains 
the  chronological  char.c*?2  in  oxidation  potentials  of  the  mild  steel  elec- 
trodes e:q;>osed.  After  490  hoxirs,  the  external  circuits  of  the  cells  were 
closed  through  known  resistances.  The  data  relating  galvanic  current  to 
cell  rrsistance  are  presented  in  Table  4-B  and  Figure  5. 


"T 
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A.  Oxidation  Potentials  of  Wild  Steel  SlecTirodco  In  Aerated 
Sea  Wacer  and  HgS  Saturcted  Kaolinite 


Potentials 

^ Volts 

Cell 

1 

Cell 

2 

Tixae  in 
Hours 

Aerobic 

Half -cell 

Anaerobic 

Half -cell 

Aerobic 

Half-cell 

Anaerobic 

Half-ceU 

0 

♦0.466 

•tC.VSS 

4C.45S 

•K).452 

50 

+0.466 

•tO.V58 

40.454 

40.453 

5!t 

■*0.47; 

♦O.V57 

.0.456 

40.455 

7!* 

+0.47?* 

40.457 

.0.458 

40.453 

?0 

♦0.47? 

.0.458 

.0.458 

40.455 

12o 

+0.4G1 

40.459 

-.0.454 

40.454 

276 

+0.497 

40.4il 

40.475 

40.458 

3C'.- 

+0.499 

40.460 

40.487 

40.458 

,,•5 

tC.511 

.C.Vol 

.0.516 

40.459 

50V 

•rO.jii 

.0.482 

.0.513 

10.459 

VJO 

+0.510 

.0.443 

.0.516 

.0.460 

B-  Effects  of  Extenuil  .resistance  on  Galvanic  Current 
Cell  I Cell  2 


B 1 § I(R  + Rjt)  I 


in  ohas  in  cicroanps  in  obns 

volts 

in  isicroasos 

5.i*15x1c5 

0.0623 

o.no 

Data  not  presented  2.782x10^ 

0.0857 

0.214 

Rj^  vas  not  constant  5*0^9x10'* 

0.0970 

1.22 

5850 

0.3406 

9.76 

; 

61  90 

0.4556 

16.0 

{ 

R,  = 29.0W  chn:. 

P.D.  « 0.056  volt 

! 
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Table  U 

A.  Oxidation  Potentials  of  Hild  Steel  Eicctrodea  in  /crated 
Sea  ‘.-e^er  and  EgS  Saturated  lUitc 

Potentials  in  Volts 


CeU  1 

Cell  2 

Tine  in 
Hours 

Aerobic 

Ealf'ccll 

Anaerobic 

Half-ceU 

^jerobic 

Kalf.ceU 

Anaerobic 

Half-ceU 

0 

•t0.ii57 

+0.432 

♦0.455 

♦0.441 

..0.155 

+0.450 

+0.449 

♦0.442 

54 

♦0.456 

♦0.428 

•1C.450 

♦0.442 

74 

♦0.455 

+0.427 

♦0.451 

♦0.442 

90 

♦0.457 

+0.427 

♦0.455 

♦0.443 

126 

♦0.431 

+0.424 

+0.456 

♦0.445 

275 

+o.;oi 

♦0.428 

+0.^1 

♦0.443 

50c 

♦0.451 

♦0.428 

♦0.464 

♦0.449 

V 1 

♦0.434 

♦0.451 

♦0.468 

♦0.450 

584 

♦0.1*65 

♦0.452 

+0.466 

+0.450 

U5O 

♦0.475 

♦0.455 

♦0.469 

♦0.452 

B.  Effects  of  External  Resistance  on  Galvanic  Current 

CeU  1 

CeU  2 

ft 

in  cb=s 

I(B  ♦ R, ) 

I 

in  cicroanps 

j- 

in  ohas  l(R  +^  R4 ) 

1 

in  sicroav+s 

6.500x10^ 

0.0565 

O.Ool 

7-285x1o5  0.0175 

0.'X>4 

3.185x1o5 

0.0780 

0.244 

5.600x105  0.0165 

0.045 

J.UOxlo'* 

0.0593 

1.22 

1.456x10*  0.0194 

1.22 

3087 

0.0526 

9.76 

170  0.0166 

9-76 

51 

0.0108 

9.60 

55  0.0154 

8.63 

R,  --  1089  oh=s 

P.D.  = 0.058  volt 

Rl  * 1560  ohss 
P.D.  = 0.017  volt 

Rl  * 1560  ohss 
P.D.  s 0.017  volt 
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B . Corrosion  of  Mild  Steel  In  Cells  Containing  Saline  Bentonite 

In  the  present  sectioni  cells,  con^arable  to  those  used  in  the  studies 
of  koolir.-'te  and  llllte,  are  described.  The  cello  containing  sulfide-satu- 
rated and  sulfide -free  bentonite  were  intended  as  controls  for  systeias  con- 
taining bentonitic  slurries  Inoculated  with  sulfate -reducing  bacteria.  Little 
attention  has  been  given  to  the  study  of  potential- ^ ijne  data  in  thfc  present 
section. 


1.  Sulfide -saturated  Bentonite 

Duplicate  cells,  containing  s\ilfide -saturated  bentonite,  were  pre- 
pared in  a manner  previously  described.  Table  3 -A  contains  the  data  on 
changes  in  open  circuit  potentials  with  time.  After  323  hours,  the  external 
circuits  were  closed  through  known  resistances.  Data  relating  galvanic  cur- 
rent to  cell  reslstSiice  are  presented  in  Table  3~B  and  Figure  3* 

2.  Sulfide -free  Bentonite 

Duplicate  cells  vere  prepared  and  bx'ought  to  temperature  equilibrium. 
The  external  circuits  of  the  cells  were  left  open  for  a period  of  only  2GO 
hours  as  coiqpared  to  323  hours  in  the  case  of  the  sulfide -satvirated  cells. 
Table  6-A  contains  the  poten'cial-time  data  which  were  obtained  on  these  cells. 
Data  relating  galvanic  cvirrent  to  cell  resistance  are  presented  in  Table  6-B 
and  Figure 

5 . I.ioculated  Bentonite 

After  the  vata,  from  the  cells  containing  sulflde-free  bentonite  had 
been  taken,  the  cells  were  Inoculated  with  a 20  ml  inoculum  of  sulfate - 
reducing  bacteria.  The  cells  were  Incubated  for  about  130  hours  before 
further  data  were  taken.  During  this  period,  the  internal  resistance  of 
cell  1 Increased  to  over  170,000  ohms,  siqpposedly  due  to  HoS  gas  insulating 
the  tip  of  the  bridge.  Changes  in  external  resistance  produced  little  ciiange 
in  galvanic  current  In  this  cell  and  these  data  are  not  presented.  The  in- 
ternal resistance  of  cell  2 changed  very  little  and  data  relating  galvanic 
current  to  cell  resistance  are  presented  in  Table  7 and  Figure  5*  No  poten 
tial-tlme  data  are  presented  for  this  period. 

The  data  compiled  in  part  B of  Tables  3 through  6 and  the  data  pre- 
sented in  Table  7.  have  been  used  to  construct  curves  relating  cell  reslol- 
ance  to  galvanic  current.  The  external  resistances  (R)  were  auded  to  the 
internal  cell  resistance  (Rj^)  to  determine  the  total  cell  resistance  assuci- 
' ated  with  a measured  galvanic  current.  In  Figure  3«  log  (R  R^)  is  plotted 
against  galvanic  current.  Not  all  of  the  points  fell  along  the^eurves  as 
precisely  as  those  plotted  and  only  enough  points  are  included  to  indicate 
the  general  agreement  ci  results.  Thlp  was  done  in  order  that  the  five  cur.  s 
might  be  presented  on  a single  page  and  thus  be  more  readily  coDg>ared.  None 
of  the  data  from  cell  1,  Table  6-B  were  included  in  Figure  3 because  of  higli 
re8istan''.e  of  the  cell. 


A,  Oxidation  Potentlole  of  Mild  Steel  Electrodes  in  Aerated 
Sea  Water  and  Sulfide -saturated  Bentonite 


Potentials  in  Volta 

Cell  1 CeU  2 

Time  in  Aerobic  Anaerobic  Aerobic  Axuieroblc 

Hours  Half -cell  Half-cell  Half -cell  Half -cell 

0 +0.468  +0.440  +0.469  +0.435 

250  +0.469  +0.424  +0.477  +0.426 

255  +0.^6  +0.425  +0.478  +0.426 

260  +0.466  +0.425  +0.478  +0.1^ 

275  +0.458  +0.425  +0.477  +0.429 

280  +0.460  +0.425  +0.477  +0.451 

325  +0.470  +0.426  +0.477  +0.431 


B.  Effects  of  External  Resistance  on  Galvanic  Current 


Cell  1 Cell  2 


2.504x105 

.0388 

0.155 

2.506x105 

.0654 

0.250 

i.oo4xio5 

.1049 

1.01 

1.000x10^ 

.0634 

0.616 

5.205x10'* 

.0706 

1.27 

5.058x10** 

.0649 

1.21 

1.596x10** 

.0681 

3.49 

1.504x10** 

.0662 

3.66 

2156 

.0442 

7.75 

2112 

.0379 

7.44 

549.6 

.0378 

9.21 

545.5 

.0309 

8.58 

99.61 

.0354 

9.84 

100.7 

.0503 

9.79 

49.79 

.0367 

10.5 

49.99 

.0294 

9.80 

3l  " ?^20  ohms  Rj  * 3010  ohms 

P.D.  = 0.044  volt  P.D.  » 0.046  volt 
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Table  6 


A. 

Oxidation  rotcntiolu  of  Mild  Steel  Electrodes  in  Aerated 

Sea  l/ater  and  Sulfide -free  Bentonite 

Potentials  in  Volts 

Cell  1 

Cell  2 

Time  in 
Hours 

Aerobic 

Half -cell 

Anaerobic 
Half -cell 

Aerobic 

Half-ceU 

Anaerobic 
Half -cell 

0 

•♦0.469 

+0.444 

+0.509 

+0.449 

250 

■K).459 

+0.445 

+0.479 

+0.455 

255 

■♦0.461 

+0.459 

+0.480 

+0.454 

260 

+0.461 

+0.445 

+0.485 

+0.452 

275 

•K).462 

•♦0.444 

+0.»»8l 

+0.451 

280 

+0.465 

■♦0.444 

+0.481 

+0.451 

. Effects  of  ExtezTml  Resistance  on  Galvanic  Current 

CeU  1 

Cell  2 

Ti 

in  ohms 

1 

in  micxxxunps 

R I 

in  ohms  I(R  + Rj)  in  microamr 

5.000>do5 

0.045 

5.000x1o5  0.0277 

0.055 

2.500x105 

0.085 

2.500x105  0.0518 

0.119 

l,000xlo5 

O.I9O 

i.oooxio5  0.0504 

0.295 

l.CXWxlO** 

0.705 

1.000x10^  0.0552 

2.41» 

5000 

0,752 

5000  0.0512 

5.65 

1000 

0.957 

1000  0.507 

6.^7 

500 

1.10 

500  0.0501 

7.54 

115 

1.12 

50  0.0285 

7.91 

Rj^  = 28,500  olrnu* 

P.D.  = 0.019  volt 

Ri  *»  5550  ohms 

P.D.  = 0.050  volt 
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Table  7 

Inoculated  Bentonite:  Galvanic  Current-Cell  Reaiotance  Data 


Cell  1 


R 

in  oluns 


in  mieroemps 


Data  not  presented 
Rl  exceeded  170,000  ohms 


CeU  2 


in  plans  l(R  ■»  R^ ) in  inlcroaflg)8 


5.018x105 

0.0207 

0.041 

2.506x105 

0.0185 

0.073 

1.000xl05 

0.0180 

0.174 

5.058x10^ 

0.1777 

0.529 

1.054x10** 

0.1305 

0.959 

2156 

O.DI78 

3.24 

549.6 

0.0182 

4.55 

100.7 

0.0175 

5.00 

49.99 

0.0175 

5.00 

'j^hOO  ohms 


P.D.  * 0.032  volt 
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DISCUSSION  OF  BEAKER  CELL  TESTS 

It  may  be  argued  that  the  resistance -current  relationships  presented 
dej)end  '..pon  the  potential  differences  between  the  cathodic  and  anodic  elec- 
ti'odes  this,  of  course^  is  true.  It  should  \ie  k^pt  in  mind,  however, 
that  the  anodic  electrodes  were,  in  every  cell,  ei^sed  in  aerated  sea  water, 
and  thus  the  ceil  variations  permit  a study  of  the  effects  of  altering  the 
catholyce.  Differences  in  galvanic  current  between  cells  should  then,  be 
attrlbutr.ble  to  differences  in  catholytes. 

V/ith  reference  to  Figure  5,  i^vanic  current  below  I.5  mlcroasqperes  is 
thought  to  be  primarily  controlled  by  external  resistance  while  current  flow 
In  excess  of  this  value  is  considered  to  be  a function  of  the  polarized  po- 
tential of  the  cathode.  Tills  concept  is  supported  in  the  next  section  \rtiere 
the  use  of  "H"  cells  lowered  internal  resistance  to  less  than  300  ohms.  The 
galvanic  current  produced  in  these  cells  was  not  proportional  to  this  de- 
crease in  internal  resistance. 

Further  evidence  that  the  galvanic  cu*'rent8  observed  were  functions  of 
polarized  potentials  is  provided  by  comparing  the  internal  resistances  of 
the  cells.  If  the  galvanic  current  were  primarily  controlled  by  differences 
in  the  open  circuit  potentials  of  the  anode  and  cathode,  then  the  IntemsdL 
resistance  of  the  cell  should  limit  the  galvanic  current  generated.  The 
highest  internal  resistance  of  any  of  the  cells  studied  occurred  in  cells 
containing  sulfide -saturated  kaollnite.  Reference  to  Figure  5 shows  that 
this  cell  also  pr  duced  the  highest  galvanic  current.  Similar  discrepancies 
between  ir iernal  resistance  and  galvanic  current  may  be  noted  in  the  other 
data  prebrfnted.  Vhere  seems  to  be  only  a limited  relationship  between  in- 
ternal ceil  resistance  and  galvanic  current. 

It  was  thought  when  the  e3q>erlmcnts  were  begun  that  the  open  circuit 
potentials  of  the  duplicate  eJ.ectrodes  might  have  been  more  nearly  equal  than 
they  proved  to  be.  These  potentials,  and  thus  the  potential  differences  be- 
t'/reen  anode  and  cathode  of  duplicate  cells,  were  not  reproducible  and  the 
interpretation  of  data  given  above  is  subject  to  some  doubt  \mtil  better 
diqjlication  is  possible. 

It  may  be  noted  that  in  the  cell  in  ^ch  the  catholyte  consisted  of  a 
bentonitic  slurry  inoculated  with  sulfate -reducers,  the  {^vanlc  current  was 
lower  than  that  of  any  of  the  other  cells.  This  tends  to  contradict  the 
tbeozy  that  these  organisms  function  as  cathodic  depolarizers.  The  measure- 
ments were  made  at  a time  when  the  metabolic  activity  of  the  culture  should 
have  been  near  its  maximum.  The  decrease  in  galvanic  current  cau  be  attri- 
buted to  neither  higher  cell  resistance  nor  lower  cell  voltage  since  these 
feictors  were  not  greatly  changed  by  Inoculating  the  cell  with  sulfate -reducing 
bacteria.  Cell  voltage  (on  open  circuit)  actually  Increased  slightly  zdille 
internal  resistance  decreased.  Lover  galvanic  current  in  the  inoculated  cell 
can  be  ezqplalned  by  assujuing  that  the  lover  pH  of  the  catholyte  after  in- 
oculation permitted  cathodic  polarization.  While  hydrogen  ion  might  be  ex- 
pected to  migrate  through  the  clay  slxirry  the  bacteria  could  not.  This  would 
prevent  <!Lepolarlzatlon  of  the  steel  cathode.  This  conclusion  is  partly  borne 
out  by  examining  the  clay  sediment  after  dlsassesibllng  the  cells.  It  was 
noted  that  the  clay  was  only  slightly  discolored  by  ferrous  sulfide.  It  is 
thus  assisaed  that  very  little  physiological  activity  took  place  in  the  clay. 
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In  conclusion.  It  nay  be  stated  that  the  ccU.vanic  current  generated  by 
the  cells  described  depends  primarily  upon  the  clay  type  used  In  the  amaero- 
blc  hnlf-cell.  Effects  of  neither  Bu,  pH,  nor  sulfide,  are  Ismedlately 
apparent . 


The  pH  and  Ej^  data  on  these  cells  arc  presented  In  Table  8.  Rather 
than  to  Inadvertently  contaminate  the  solutions  in  which  the  spec mens  were 
exi'.'Gf'i,  the  initial  pH  and  values  were  obtained  from  ^ samples  pre- 
rari'd  for  tuis  rvnrose*  The  reader  Is  referred  to  the  /ppcndlx  for  pH  and 
Ej,  of  sulfide -free  bentonitic  slurries  before  e^qposure.  The  following  sec- 
tion on  "H"  cells  also  contains  wore  eoftq;>lece  data  on  pH  and  Eu  of  cells 
containing  bentonite.  Due  to  the  fact  that  clay  deposits  were  disturbed  in 
disassembling  the  cells,  the  final  E^  abd  pH  data  are  not  considered  entirely 
representative  of  conditions  at  the  electrode  surface.  However,  the  probes 
cf  the  measuring  electrodes  were  inserted  in  the  least  disturbed  part  of 
the  clay  deposit  while  nuking  the  measurements.  It  is  felt  that  differences 
in  initial  and  final  pH  and  Ej^  in  the  anaerobic  half -cells  is  a better  index 
of  biological  contamination  than  reactions  attributable  to  clays  and  chemi- 
cal treatment.  and  pll  will  be  discussed  later  in  comparison  with  similar 
data  taken  on  "H'‘  cells. 

Sevei'al  factors  contributed  to  the  abandonnent  of  beaker  cell  testa . 
wnong  these  were  high  internal  resistance,  variable  internal  resistance,  the 
inability  to  reproduce  open  circtiit  potentials  of  duplicate  specimens,  and 
the  inability  to  prevent  microbiological  contamination.  In  order  to  main- 
tain more  : lological  and  electrochemical  control,  the  "H"  cells  were 

Gubstitut-d  for  beaker  cells. 
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”H"  CELL  EXPERE4EHTS 

A.  D.:fferences  Between  Beaker  Cell  and  *'H''  Cell  Technlqueo 

Skct''.l.e8  in  Figure  6 show  the  differences  in  Lho  tliree  tyx>es  of  electrodes 
used  in  the  experimental  work.  (See  also  Preparation  of  Electrodes)  .De 
Klaotinsky  cement  was  used  in  the  construction  of  the  heaker  cell  electrodes 
viiile  2P0N  VI  was  used  in  the  presparatlon  of  "H"  r^ii  electrodes.  The  hcaker 
cell  electrodes  were  sterilized  in  their  respective  half -cells  by  autoclaving 
in  distilled  water  while  the  "H"  cell  electrodes  were  sterilized  by  alcohol, 
ultraviolet  light  and  flaming.  In  conparlson  with  the  "H"  cells,  the  beaker 
cell  aeration  was  very  weak.  Only  one  aerator  was  placed  in  C8w:h  aerated  half- 
cell  and  its  position  prevented  its  being  effective  in  s\g>plying  oxygen  to  the 
entire  electrode.  Another  variation  intx^uced  in  the  "H"  cells  was  the  man- 
ner in  which  the  clay  was  ties'*’‘‘d.  In  beaker  cell  tests  the  clay  was  steri- 
lized dry  while  in  the  "H'*  cell  tests  it  was  sterilized,  eifter  pretreatnent, 
by  autoclaving  in  nutrient  medium.  This  was  done  to  avoid  trar^sferring  damp 
clays  while  trying  to  maintain  sterility.  Only  minor  differences  in  Ej,  and 
pH  of  clay  slurries  prepared  in  the  two  ways  were  apparent. 

For  one  or  more  of  the  reasons  stated  above,  the  polarities  of  mild  steel 
in  the  "H"  cells  were,  with  two  exceptions,  opposite  to  the  polarities  en- 
countered in  the  beaker  cells.  In  all  of  the  "B"  cell  steel  esqposures  made 
in  clays  the  anaerobic  electrode  was  anodic  to  the  aerated  electrode.  Only 
in  cells  containing  sterile  and  inocxilated  medium,  without  clay,  wer«  the 
aerated  el*:ctrc4-. s anodic  to  the  anaerobic  electrodes.  Based  on  the  study 
of  potent  ,.al- time  data,  it  is  bexleved  that  conditions  contributing  to  the 
reversal  of  polarity  occurred  in  both  the  aerobic  and  anaerobic  half -cells 
of  the  "H"  cells.  The  two  factors  thought  to  be  most  isportant  are  the  xise 
of  EPON  VI  cement  and  the  oxygen  concentration  of  the  aerated  half -cell. 

EPOIf  cement  occssslonally  softened  idien  in  con%:act  with  alumlntsa  in  cells 
containing  sulfides  but  this  was  not  noted  on  steel  electrodes.  No  data  are 
presented  on  aluminum  cells  Jn  which  the  cement  had  softened.  Aluminum  cells, 
in  general,  caused  considerable  difficulty  and  the  study  of  aluminum  in  these 
cells  is  quite  incoiqplete.  The  unfavorable  "eBCtion  to  EPON  cement,  the  de- 
velopment of  open  circuits  in  electrode  leads  and,  in  several  cases,  the 
accumulation  of  gases  within  the  anaerobic  half -cell,  resulted  in  a very 
limited  study  of  iUuminun  6l  S The  reliable  data  are  presented,  although 
diq>licstion  was  not  possible. 

B.  Experimental  Procediire 

After  the  assonbled  ”H"  cells  had  been  placed  i^'’  a tenperature  bath  and 
brought  to  25®  C,  open  circuit  potentials  of  both  electrodes  were  measured 
with  reference  to  a 1 H cedomel  electrode.  These  potentials  were  recorded 
chronologically  and  when  relatively  stable  the  external  circviit  was  closed 
through  a known  resistance.  This  resistance  was  recorded  and  when  the  gal- 
vanic current  through  the  cell  became  constant,  the  IR  drop  across  the  re- 
sistor MSB  measured  and  recorded.  The  physical  make-iqi  of  the  cell  and  the 
lack  cf  proper  instrumentation  made  it  ispossible  to  determine  potentials  vMle 
the  cell  was  actually  drawing  current.  Instead,  the  open  circuit  potential 
of  the  more  stable  electrode  in  the  cell  was  measured  as  rapidly  as  possible. 


-A*— ‘ 


BeuKer*  Cell  electrode 


Stippled  Areos  Represent 
Cement. 


ELECTRODE  SKETCHES 


FIG.  6 
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In  cells  containing  mild  steel,  the  potential  of  the  anode  vas  aieasured  and 
in  aluminum  cells,  the  potential  of  the  cathode  wee  measured.  After  the 
firsi.  two  measurements,  the  slope  of  the  potentlel. ■.current  curve  was  esti- 
mated and  the  potentiometer  dial  set  at  approximately  t.^e  predicted  poten- 
tial. ’Ising  a fystem  of  knife  blade  switches,  the  exterr.al  circuit  of  the 
galvanic  cell  was  broken  and  the  potentiometer  circuit  closed  imBediately. 

Tlie  galvanometer  dofl.;Ction  was  noted  and  the  external  circuit  wm  restored. 
The  potentiomelr'r  dial  was  moved  in  the  indlcateo  direction  of  the  balance 
point  and  after  waiting  several  minutes  the  measurement  was  made  again.  Thic 
was  repeated  until  there  was  perceptible  time  lag  in  the  galvanometer  de- 
flection upon  closing  the  potentiometer  circuit.  The  reference  electrode  was 
pclarlzed  in  these  measurements  and  was  conseqxiently  checked  aga..4.  t the  pri- 
mary standard.  Appropriate  corrections  were  made  in  the  polarized  potential 
recorded  for  the  corrosion  specimen.  The  potentied  of  the  second  electrode 
was  calculated  as  in  the  6ajs>i‘^  calculations  below.  After  the  estimation  of 
polarized  potentials  had  been  made,  the  galvanic  cuzrent  of  the  cell  was 
meeisured  with  the  Rubicon  galvanometer  in  order  to  check  the  previously  de- 
termined value.  The  resistance  in  the  extenial  circuit  was  then  decreased 
and  the  procedure  repeated. 

Althoiigh  the  Inaccuracy  in  this  method  of  potential  measurements  is 
realized,  the  data  were  used,  when  possible,  in  the  prepeuration  of  approxi- 
mated polarization  curves.  The  limiting  currents  reported  are  probably  not 
very  accurate  but  the  fact  that  so  crude  a n»ethod  can  yield  even  aqpproxi- 
mate  resit)  ts.  Indicates  that  a better  oiethod  is  available  for  evaluating 
biophyeicf-i  syar  ims  in  conrosion  than  has  previously  been  used. 

Ne5  ■ her  dat;-  on  mild  steel  in  cells  containing  sterile  medium,  nor  any 
of  the  AL  6l  3 dec  a could  be  plotted  as  polarization  curves.  The  data  on 
these  systems  are  presented  as  curves  relating  galvanic  exurent  to  cell 
resistance . 

In  order  to  prevent  confusion  concerning  the  experimental  method  employed, 
tlie  following  sanple  calculations  are  presented. 

ilscume  that*,  a precision  reBis'''or  of  2111  ohms  is  placed  in  the  external 
circuit  of  an  "H”  ceil,  the  anaerobic  half -cell  of  wliich  contains  a benton'.tic 
slurry  inoculated  with  sulfate -reducing  bacteria.  Assioae  also  that  identical 
mild  steel  electrodes  are  ejqwsed  in  both  half-cells.  The  external  resistance 
is  recorded  and  the  measured  drop  in  potential  across  this  resistor  proves 
to  be  0.00691  volt.  From  Ohm's  Law: 

I = e/r 


Substituting  identities: 

I = IR/R  , 

I « 0.006^2U2 


3.272  microamperes 


The  polai*lzed  potential  of  the  anode,  with  leferen^'e  to  the  working  standard 
elect-oue  is  0.7134  volt  and  the  difference  in  potential  between  the  workieg 
electrode  and  the  primary  standard  is  O.OOOU  volt  with  the  working  standard 
positive  to  the  primary  standard  electrode.  The  primary  standard  electrode 
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Is  assuBird  to  have  a half -cell  potential  of  -O.20O2  volt  vlth  respect  to  the 
standsixi  hydi'03en  electrode  at  25°  C,  The  corrected  i>olarlzed  potential  of 
the  anode  la: 

0.71*5^  + O.OOC-’;  • 0.2802  = volt  (referred  to  the  Ivdrogen 

electre.  le). 

At  the  end  of  the  entire  series  of  measurements  made  on  the  ceil  In  question^ 
the  li.tercal  resistance  (R^)  is  sieasured  and  Is  f*^und  to  equal  157  ohms.  The 
toed  oe*l  resictar.ee  is  equal  to  R -f  Rj^. 

R + Ri  «=  2112  + 157  • 2269  ohms 

V/hiie  the  potential  drop  across  the  external  resistance  is  steasured  directly, 
ohe  potential  drop  ilirou^li  the  entire  cell  is  equal  to  the  product  of  gal- 
'.•anic  ciirrent  and  total  cell  resistance. 

I (R  + R^)  - 5.272  X 10“^  aa?>eres  x 2269  ohms 

= O.CO74  volt 

The  polarized  potential  of  the  cathode  is  calculated  by  the  equation; 

Ea  - = I (R  + Ri) 

0.4536  volt  - = 0.0074  volt 

Ec  ^ 0.4262  volt 

O.xl  'itiori  potentials  are  referred  to  the  standard  hydrogen  electrode  at 
25°  C.  In  the  H"  cell  ej^wsures,  the  cello  are  l.'antified  by  reference  to 
the  anaerobic  half -cell. 


C.  Presentation  of  Data  Obtained  Using  "H'*  Cells 

1.  Mild  Steel  and  A1  6l  S ihg^osures  in  Saline  Bentonite 
a.  Mild  Steel  in  Stertle  Nutrient  Hedlum 

Duplicate  "H”  cells,  containir.g  mild  steel  electrodes,  vere  pre- 
pared as  described  under  Ceil  Preparation.  In  each  of  the  cells,  one  of  the 
electrodes  was  exposed  in  sterile  nutrient  medium  vhile  the  ether  vas  ex- 
posed in  aerated  bea  water.  The  external  circuits  vere  left  open  for  about 
220  hours,  during  vhlch  time,  open  clrcvilt  potentials  of  both  specimens  vere 
recorded.  The  external  circuits  vere  then  closed  tliTou^  knovn  resistances. 
Potential -time  data  are  presented  in  Table  9 and  polarization  data  are  pre- 
sented In  Table  10.  Ro  attempt  vati  made  to  prepare  i>olarlzation  curves  for 
the  data  in  Table  IC.  instead,  the  data  are  presented  as  log  (R  R^}  vs. 
galvanic  current  In  Figure  7.  Disctission  of  ttils  figure  is  reserved  until 
after  data  on  cells  containing  inoculated  mediim  Iiave  been  presented. 


9tanc« 
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Table  9 

Oxidation  Potentials  of  Mild  Steel  Electrodes  in  Aerated 
Sea  Water  and  Sterile  llutrlent  Kcditn 


Potentials 

in  Volts 

CeU  1 

Cel' 

2 

Tiire  in 
Hours 

Aerobic 

Half-cell 

Araerooic 

Half-cell 

Aerobic 

Half -cell 

Aimerobic 

Half-ceU 

0 

■to.liss 

■tC.WiT 

<0.452 

5 

■iC.kZc 

<0.413 

<0.452 

<0.450 

6 

40.l»25 

+O.I»5B 

<0.1.30 

<0.454 

24 

+O.U17 

<0.'‘51 

<0.1i2> 

<0.453 

26 

•tO.IilT 

+0.<.52 

<0.1i26 

<0.453 

155 

■tO.!i2C 

<O.Ui6 

<0.J»55 

<0.435 

220 

tO.lAS 

40.<.X> 

<0.458 

<0.436 

b . .iild  Steel  in  Hutricnt  Kediua  Inoculated  With  Sulfate* 

• educing  Bacteria 

B'-plicate  '11"  cells  vere  prepared  in  vhich  one  oild  steel 
electrode  cf  c&c^  cell  was  e^^sed  in  inoculated  nutrient  aedius  idale  the 
other  uaa  rtposed  in  ae«*atcd  sea  water.  Open  circuit  potentials  vrexe  seas* 
ured  perlodocally  for  220  hours  after  th'.cb  the  exten^ol  circuits  vere  clcscc 
through  hsovD  resistances.  ?otenttal-tise  data  arc  presented  in  Table  11  ar:d 
polarization  data  are  presented  in  Table  12.  The  data  in  Table  12  vere  used 
to  prepare  the  polarization  curves  in  Pigur*  8. 
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Table  IQ 

Pola/ization  Data:  Klld  Steel  in  Sterile  I'utilciit  Kediva 
Cell  1 


in  Ohes 

I(R  + Bi) 
in  Veits 

in  Volts 

£50,ll00 

250,561 

.CC-0 

0.0201 

40.W*30 

■*0.4369 

1CO,COO 

100,161 

.C051 

0.0310 

40.W*3 

•tO.1109 

52,050 

52,211 

0.0365 

.0.1138 

■«).1119 

15,0^ 

15,201 

.0009 

C.0593 

■.0.1150 

40.4441 

2,112 

2,276 

.CXX)7 

0.0281 

+o.i*^*50 

•fO.1119 

5-9.6  713-0 

Ei  = 161  Ck=s 

P.D.  = 6 CY 

.OCOOl 

0.0561 

““““ 

CeU 

2 

B 

R + Bi 

I(R  + Bl) 

I in 

Sa 

in  Ocss 

in  Ohas 

in  volts  ^iicrcasfDS. 

in  Volts 

in  Volts 

250,600 

250.757 

.0141 

0.0562 

.0.1331 

•-C.l»3 

100,100 

100,557 

.0024 

•to.1515 

•to. 1521 

50,580 

50,737 

.0006 

O.C127 

.0.1355 

.0.4559 

15,960 

16,117 

.0004 

0-C251 

■to.1596 

.0.1552 

2,136 

2 295 

.0001 

0.0512 

.0.139? 

■■0.1593 

519.5 

^0o.6 

.00001 

0.0183 

... 

... 

B.  = 157  Obas 

P.D.  = 20  av 
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Table  U 

0:dclatlon  Pot.entlalr.  of  Mild  Steel  Electrodoy  in  Aerated 
Sea  Water  and  Inoctilated  Nutrient  Medium 

Potentials  in  Volts 

Cell  1 Cell  2 


Time  in 
Hours 

Aerobic 

Half-cell 

^\naerobic 
Half -cell 

Aerobic 

Half -cell 

/'anaerobic 
Half -cell 

0 

40.442 

40.425 

40.432 

40.426 

5 

■•0.440 

40.426 

40.430 

40.420 

o 

40.457 

40.427 

40.457 

40.429 

24 

40.424 

40.416 

40.415 

40.423 

26 

40.425 

40.414 

40.415 

40.422 

135 

40.410 

40.425 

40.415 

4O.3W 

220 

40.403 

40.328 

40.413 

^0.350 

T*  my  be  ’,oted,  in  Table  12,  that  there  was  an  apparent  decrease  in 
galvanic  current  \/hen  the  external  resistance  was  lowered  from  the  2100  ohm 
level  to  the  550  ohm  level.  These  points  were  ignored  in  the  preparation  of 
the  polariJCttti'on  curves  but  are  included  in  Figure  7 where  galvmilc  current 
has  been  plotted  against  cell  resistance.  Whether  this  decrease  in  gal\'anic 
current  is  apparent  or  real  is  a matter  of  conjecture.  Based  on  observatior. 
of  a similar  nature  made  on  other  cells,  it  would  seem  tljat  the  decrease 
actually  occurs.  It  may  be,  liowever,  that  the  experimental  method  is  com- 
pletely unsatisfactory  in  low  ertemal  resistance  ranges. 

It  is  interesting  to  note  that  the  colls  containing  sulfate -reducing 
bacteria  in  nutrient  medium  are  completely  under  cathodic  control,  i.e., 
the  galvanic  ciirrent  of  the  cell  depends  upon  the  polariied  potential  of  th  - 
cathode.  Tills  type  of  control  would  be  expected  if  sulfate -reducers 
depolarizing  tliu  catliode. 

Data  relating  total  cell  resistance  to  gal’/ariLc  current  are  plotted  i.. 
Figure  7 with  similar  data  taken  on  sterile  medium  cells.  It  is  apparent 
that  the  Inoculated  cells  are  capable  of  producing  as  much  as  250  times  the 
galvanic  current  of  the  sterile  cells.  The  data  on  open  circuit  potentials 
show  that  the  anaerobic  electrodes  in  the  Inoculated  "H"  cells  becaiae  more 
cathodic  tljan  their  counterparts  in  the  sterile  cells.  Based  vpon  the  ^- 
vanlc  current  data,  as  well  as  the  polar!  zaclon  ard  potential-time  data,  it 
secm£  probable  that  the  strain  of  stdfate- reducing  bacteria  used  in  these 
eoqperiments  is  capable  of  depolarizlx.g  a steel  cathode. 
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Table  12 

Polarization  Data:  Mild  Steel  Ir.  Inoculated  Nutrient  tfediUD 


in  Ohais 

R + Ri 
ir.  Ohms 

250,600 

250,785 

100,000 

100,185 

52,050 

52,235 

l5,o4o 

15,225 

2,112 

2,297 

549.6 

734.6 

99.61 

284.6 

% = 385 

Ohms 

P.D.  = 7!'  Ev 


R 

in  Ohms 

R + Ri  - 
in  Oh^ 

250,600 

250,779 

100,400 

100,579 

50,580 

50,759 

15,960 

16,139 

2,135 

2,315 

545.5 

724.5 

100.7 

279.7 

*=  179  Oijms 
P.D.  *=  65  nv 


Cell  1 


I(R  + Ri) 
in  Volts 

I in 

t^lcroamps . 

0.0584 

0.2330 

0.0373 

0.3730 

o.no<o 

0.49762 

0.0103 

0.6782 

0.0017 

0.7576 

0.0005 

0.7320 

0.00025 

0.8760 

Cell  2 


I(R  + Ri) 
in  Volts 

1 in 

Micrcamps 

0.0524 

0.2091 

0.0426 

0.4235 

0.0321 

0.6327 

0.0149 

0.9211 

0.0023 

0.9811 

O.OCO7 

0.9555 

0.0004 

1.430 

Ea 

in  Volts 

Ec 

in  Volts 

40.4062 

40. 3478 

40.4068 

40.3694 

40.4072 

40. 3812 

40.4076 

40.5974 

40.4079 

40.4062 

40.4073 

40.4068 

40.4076 

40.4073 

Ec 


in  Volts 

in  Volts 

40.4119 

40.3595 

40.4135 

40.3710 

40.4133 

40.3813 

40.4130 

40.3983 

40.4138 

40.4116 

40.4124 

40.4119 

40.4143 

40.4139 

POLARIZATION  CURVES 
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c . Mild  Steel  In  Sulfide -free  Bentonite 

Duplicate  "H"  cells  vere  prepared  as  described  under  Cell 
Prepatutlon.  One  electrode  of  each  cell  vas  exposed  in  aerated  sea  vater 
vhlle  the  other  was  exposed  In  a sterile  slurry  of  bentonite  In  nutrient 
medium.  Open  circuit  potentials  vere  recorded  and  after  a period  of  166  hours^ 
the  ej-temal  circuits  were  closed  through  known  r^j distances.  Potential -time 
data  ore  presented  in  Table  IJ  while  Table  14  contains  polarization  data. 

The  data  in  Table  l4  are  presented  as  polarization  curves  in  Figure 
The  duplication  was  not  good  but  the  curves  Indicate  that  the  limiting  gal- 
vanic current  wDu.ld  be  somewhat  less  than  3 mlcroasperes . The  reason  for 
the  difference  in  P.D.,  betwen  the  two  ceils^  is  not  is3nedlatel>'  apparent. 


Table  13 

Oxidation  Potentials  of  Mild  Steel  Electrodes  in  Aerated 
Sea  Water  and  Sulfide -free  Bentonite 


CeU  1 

Cell  2 

Potentials 

in  Volts 

Potentials 

in  Volts 

Time  in 
Hours 

Aerobic 
H&li -ceil 

/\naerobic 
Half -cell 

Time  in 
Hours 

iicroblc 

Half-cell 

/jiaerobic 
Half -cell 

0 

+C.!l8 

+0.456 

0 

+0.440 

+0.466 

24 

+0.420 

+0.459 

23 

+0.442 

+0.464 

47 

+0.437 

+0.456 

57 

+0.435 

+0.459 

71 

+0.423 

+0.456 

72 

+0.433 

+O.460 

93 

+0.425 

+0.444 

99 

+0.442 

+0.459 

110 

+0.426 

+0.438 

121 

+0.445 

+0.459 

142 

+0.427 

+0.442 

142 

+0.448 

+0.461 

166 

+0.»+25 

+0.440 

162 

+0.448 

+0.461 

The  cells  are  under  mixed  control,  i.e.,  the  galvanic  current  depends 
ipon  both  the  polarized  potent.lad  of  the  cathode  and  the  polarized  potential 
of  the  anode.  For  reasons  proposed  earlier,  the  aerated  electrode  vas  ca- 
thodic to  the  anaerobic  electrode. 

d.  Klld  Steel  In  Sulfide-saturated  Bentonite 

Duplicate  "B."  cells  vere  prepared  as  previously  described. 
In  these  cells  the  anaerotic  half -cell  contained  sulflde-uaturated-bentonlte. 
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Th3  method  of  sti-.dy  tos  the  eano  as  that  described  under  other  "H"  cell  ex- 
posures. Potential -tine  data  are  i>re6ented  in  Table  15  while  Table  l6  con- 
tains polarization  data.  In  these  cells,  as  in  the  sulfide-free  cells,  the 
aerated  electrode  i.'as  cathodic  to  the  enaerobic  electrode.  The  data  in 
Table  16  were  used  in  the  preparation  of  the  polarization  curves  in  Figure 
10.  The  limitiiic  current  appears  to  be  slightly  gi’eater  than  10  plcroanqperes 
which  is  hi.rher  than  any  of  the  other  mild  steel  couples  in  "H"  ceils.  The 
cell  is  alruost  entirely  under  anodic  control. 

e . Mi  W Steel  i£  Bentonite  Sliurries  Inocxilated  with  5u3.fate- 
r<  cuci Vr Bacteria 

Duplicate  "11“'  cells  ve.*e  prepared  in  wh_Lch  tiie  oimerobic 
half -cells  consisted  of  a slurry  of  bentonite  in  nutrient  medivon  Inoculated 
with  sulfate-reducing  bacteria.  The  method  of  investigation  applied  to  these 
cells  ’.•as  the  same  as  in  previously  mentioned  ejqsosm-es  in  "H"  ccl.ls.  Poten- 
tiad-time  data  are  presented  in  Table  17*  Table  l3  cont.^ins  pol.'-rization 
uata  fi'cm  which  the  pc].ari nation  c'ci'ves  In  Figure  11  were  prepared.  In  these 
e:q?osures,  as  in  others  made  in  clay,  the  aerated  electrode  was  cathodic  to 
the  emaerobic  electrode. 

The  liinlti''p  gal'mnlc  current  appears  to  be  about  5 microamperes  and 
the  cells  are  anodic  conrrol.  These  cells  were  leCt  -with  ext. -.^Tial 

circuits  open  for  a longer  period  than  any  of  the  previously  descr.thed  cells - 
TUs  was  dc  ...  order  to  provide  cmple  time  for  a clvin‘-;e  in  polarity  if  i1 
shoull  oo  ;ur.  At  tiie  time  tint  the  external  circuits  were  closed  there  van 
no  indl'.-ation  t;.;.t  this  might  happen. 

f . ..luminum  ^ S ^ Inoculated  Rutrlent  Medium 

"H"  cells  containing  A1  6l  S electrodes  were  prepard  as 
pre’/iously  described  under  Ce.ll  Preparation.  The  cells  •'ere  so  assembled 
tliat  one  electrode  was  e;q)03ed  in  e«:rated  sea  water  while  the  other  './as  ex- 
posed in  a culture  of  sulfate -reducing  bacteria.  Open  circuit  potsntials  of 
both  electrodes  v/ere  measured  .and  recorded  •neriodically.  I'Jhen  the  open  cir- 
cuit potentials  had  becexae  relatively  stable,  the  exter.ial  circuits  were 
closed  through  kr.'OWii  resistances  and  the  galvanic  current  was  measured  as 
cell  resistance  was  decreased.  In  these  cells  the  aerated  electrode  was  ca- 
thodic to  the  anaerobic  electrode,  as  would  be  cjroected  i.dth  aluminum.  Due 
to  the  reasons  mentioned  in  the  introductory/  statements  in  the  present  sec- 
tion, it  wus  not  possible  to  obtain  satisfactory  duplication  with  /J.  6l  f- 
ceils.  The  data  presented  on  A1  6l  S are  considered  to  be  the  most  reliable 
of  those  obtained  from  several  cells.  No  data  are  presented  on  Al  6l  3 in 
sterile  nutrient  medivna.  Ho  attempt  was  made  to  prepare  polarization  cturves 
from  data  on  aliaolnum  cells. 

Table  19-A  conted..-  . potential-time  data  and  data  relating  galvanic  cur- 
rent to  cell  re8:.'jtunce  are  pj*<*3erjtci  in  Table  19-B.  The  data  in  Table  I9-B 
were  used  to  prepare  the  cuir.e  in  Figure  12. 

Reference  to  the  potential -tine  data  shows  that  the  open  circuit  poten- 
tial difference  between  anode  and  cathode,  at  the  tlice  the  external  circuit 


•v.  usKrt  * 
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Table  14 

Polarization  Data:  Mild  Steel  in  Sid.fide-free  Bentonite  Slurries 

Cell  1 


a 

in  oiuus 

R + Ri 
in  Ohms 

I(R  + Ri)  I in 

in  Volts  Microampe . 

in  Volts 

Ec 

in  Volts 

250,600 

250,795 

0.0139 

0.0554 

40.4365 

40.4226 

100,000 

100,195 

0.0126 

0.1256 

40.4352 

40.4226 

50,580 

51,775 

0.0113 

0.2191 

46.4340 

40.4227 

15,960 

16,155 

0.0074 

0.4561 

40.4304 

40.4230 

2,i;6 

2,331 

0.0022 

0.9457 

40.4259 

40.4237 

545.5 

740.5 

0.0008 

1.137 

40.4244 

40.4251 

99.61 

294.61 

0.0004 

1.205 

40.4244 

40.4240 

49.99  244.99 

Ri  ’0*5  Ohrs 

P.D.  = l3  mv 

0.0003 

1.200 

40.4245 

40.4240 

Cell  2 

R 

in  Ohms 

R + R^ 
in  O'nms 

I(R  + Rj)  I in 

in  Volts  Microaoqps . 

in  Volts 

Ec 

in  Volts 

250,400 

250,543 

0.0194 

0.0773 

40.4577 

40.4383 

100,400 

100,543 

0.0158 

0.1576 

40.4556 

40.4398 

50,580 

50,723 

0.0140 

0.2764 

40.4546 

40.4406 

10,540 

15,183 

C.OI67 

1.103 

40.4530 

40.441% 

2,112 

2,255 

0.0040 

1.799 

40.4472 

40.4432 

549.6 

692.6 

0.0016 

2.311 

40.4466 

40.4450 

100.7 

243.7 

0.0006 

2.383 

40.4469 

40.4464 

R.  = 143  Ohms 
PTD.  - 22  mv 


Tfcble  15 


Oxidation  Potentla'.s  of  Mild  St3el  Electrodee  Ir  Aerated 
Sea  !/atcr  and  Sulfide 'Saturated  Beutcnlte 

Potentials  In  Volts 

Cell  1 Cell  2 


Time  in 
Hours 

Aerobic 

Half -cell 

/inaerobic 

Ealf-ctell 

Aerobic 

Half -cell 

Anaerobic 

Half-ceU 

0 

+0.409 

+0.449 

+O.408 

+0.457 

24 

+0.408 

— 

+0.389 

+0.457 

47 

— 

+0.377 

+0.457 

71 

+0.437 

+0.438 

+0.592 

+0.456 

93 

+0.428 

+0.460 

+0.395 

+0.4b0 

118 

+0.419 

+0.461 

+0.393 

+0.460 

142 

+0.413 

+0.459 

+0.403 

+0.462 

166 

+0.413 

+0.455 

+0.402 

+0.459 

was  closed  (P.D.)#  vas  165  ®v.  Although  the  internal  resistance  of  the  cell 
was  only  220  ohms,  the  highest  galvanic  current  measured  vas  only  0.09  nicro 
ampere  and  this  decreased  with  a decrease  in  external  resistance.  Coiqparah:- 
cells  containing  mild  steel  electrodes  produced  considerably  greater  galver.l 
current  with  a much  lower  P.D.  Obviously,  one  or  both  of  the  electrodes  Irs 
this  cell  must  have  been  almost  coD?>letely  ^ olarized.  Since  aluminum  ordi- 
arily  polarizes  anodically  with  the  formation  of  aluailnum  oxide  and  the 
anode  in  this  cell  was  ejqposfd  in  an  oxygen- free  electrolyte,  it  would  be  of 
interest  to  know  just  what  caused  the  severe  current  limitation  in  the  cell. 
Polarization  curves  would  have  told  much  about  this  mechanism  had  it  been 
possible  to  prepare  them.  However,  based  on  the  way  in  which  the  anode 
sponded  to  atteniwts  to  estimate  its  polarized  potential,  it  1**  believed  that 
most  of  the  polarization  of  the  cell  occurred  at  this  electrode. 

g.  >U\miinum  6l  S in  Sulfide -saturated.  Bentonite 

"H"  cells  were  prepared  for  this  eiqperiment  in  the  manner 
previously  described.  Again  data  on  only  one  ejqxssure  are  considered  ac- 
cxirate.  Open  circuit  potentials  of  the  aluminum  electrodes  were  measured 
and  recorded.  .'U'ler  a period  of  l66  hours  the  external  circuit  was  closed 
through  known  resistances  and  data  relating  galvanic  current  to  cell  resist- 
ance were  obtained.  The  aerated  electrode  vas  cathodic  to  the  anaerobic 
electrode.  Potential -time  data  are  presented  in  Table  20 -A  and  galvaxiic 
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Table  l6 

I'olurl  ".ation  Data:  Mi]d  Steel  In  Sulfide -saturated  Bentonite  Slurries 

Cell  1 


n 

in  Ohnu 

R + R^ 
in  Ohms 

I(R  + Ri) 

in  Volts 

I in 

Microamps . 

Ea 

in  Volts 

isc 

in  Volts 

250,400 

250,615 

0.0420 

0.1676 

40.4560 

40.4140 

100,000 

100,215 

0.0388 

0.3869 

40.4534 

40.4146 

50,580 

50,795 

0 .0349 

0.6870 

40.4503 

40.4154 

15,C»i0 

15,255 

0.0253 

1.656 

40.4419 

40.4166 

2,112 

2,327 

0.0095 

4.067 

40.4284 

40.4189 

549.6 

746.6 

0.0039 

5.240 

40.4226 

40.4186 

100.7 

315.7 

0.0018 

5.561 

40.4195 

40.4177 

49.79 

264.79 

O.COI9 

7.230 

40.4163 

40.4144 

R.  = 2".5  OlTJTiS 

P.D.  = .2  nv 

Cell  2 

R 

in  Oluns 

R + 

in  Ohmc 

I(R  + .Ri) 
in  Volta 

I in 

Microamps . 

2a 

in  Volts 

Ec 

in  Volts 

250,600 

250,790 

0.0537 

0.2i4i 

40.4567 

40.4030 

100,400 

100,590 

0.0497 

0.4936 

+0.4535 

40.4038 

52,050 

52,240 

0.0449 

0.3588 

40.4493 

40.4044 

13,9CO 

16,150 

0.0515 

2.076 

40.4397 

iO.UoSs. 

2,15<5 

2,326 

0.0130 

5.571 

40.4210 

40.4080 

545.5 

757.5 

O.X54 

7.388 

40.4158 

40.4104 

99.61 

239.63. 

0.0024 

8.132 

40.4154 

40.4130 

4?.  99 

239.99 

0.022 

9.202 

40.4065 

40.4043 

R-  » 190  Ohms 
pb.  = 57  BV 


POUARIZAHON  CURVES 


-37  - 


Table  17 

O:edation  Potentials  of  Mild  Steel  Electrodes  in  Aerated  Sea  Vtater  and 
Bentonitic  Slvunries  Inoculated  with  Sulfate-reluoins  Bacteria 

Potentials  in  Volts 

Cell  1 CeU  2 


Tiaie  in 
Hours 

Aerobic 

Half-ceU 

Anaerobic 
Half -cell 

Aerobic 

Half-cell 

Anaerobic 

Half-ceU 

0 

+0.438 

+0.453 

+0.436 

+0.450 

23 

+0.444 

+0.455 

+0.439 

+0.450 

57 

+0.442 

+0.453 

+0.434 

+0.451 

72 

+0.442 

+0.455 

+0.434 

+0.452 

99 

+0.440 

+0.454 

+0.430 

+0.451 

121 

+0.435 

+0.455 

+0.435 

+0.452 

142 

+0.442 

+0.455 

■K).435 

+0.451 

162 

+0.447 

+0.457 

+0.436 

+0.452 

24r- 

+0.442 

+0.458 

+0.435 

+0.452 

259 

+0.459 

-K).455 

+0.431 

+0.449 

286 

+0.436 

•K).455 

+0.431 

+0.448 

311 

+0.456 

+0.458 

+0.434 

+0.451 

335 

+0.432 

+0.457 

+0.435 

+0.450 

current-cell  resistance  data  are  presented  in  Table  20-B.  The  data  frcn 
Table  20-P  were  used  to  preT)are  the  current -resistance  cvirve  in  Figure  12. 

In  general^  the  response  of  this  cell  was  slaiilar  to  the  ci.ll  containing  in- 
oculated nutrient  nedluin.  rd though  the  P.D.  was  70  arv  and  internal  resist- 
ance was  only  3C0  ch.*nB,  the  galvanic  current  '.ms  n.'ver  any  greater  than  0.1^ 
isicroaiiQjeres . /.gain  this  scened  to  be  duo  to  anodic  polarization. 

h.  /dmninuin  §1  S ^ Inoculated  Bentonite 

"K".  cells  containing  sterilized  sea  water  in  the  aerobic 
half -cell  and  an  irioculated  slurry  of  bentonite  and  nutrient  laedluB  in  the 
anaer.'bxc  half -cell,  were  prepared.  Of  these  cells,  only  one  yielded  reli- 
able data.  The  polarity  of  the  cell  was  the  saae  as  in  the  other  A1  6l  S 
e3q>osuzt*e.  The  nwsthod  of  investigation  has  been  described  previously.  The 
external  circuit  was  left  open  for  a longer  period  than  the  other  alvcilnua 
cells  in  order  bo  observe  any  latent  effects  of  sulfate -redxicers. 


Table  16 


iolcrizatlcn  Kild  Steel  in  Inoculated  Bentonitic  Slur.les 


CeU  1 


1 

R 

in  Oi'jsa 

R + R - 
in 

1(B  + Bi) 
in  Yelts 

I In 

Hicresrsa . 

2a 

in  Volts 

Sc 

in  Volts 

250.600 

250,757 

0.0271 

0.1079 

40.4558 

40.4287 

1 

100, teo 

100,557 

0.0258 

0.2565 

+0.4529 

+0.4271 

l- 

52,050 

52,207 

0.0:37 

0.4532 

40.4505 

40.4268 

1 

15,960 

16,U7 

0.0181 

1.120 

40.4455 

40.4272 

I 

2,112 

2,209 

0.0074 

3.272 

40.4336 

40.4262 

I 

5^5.5 

702.5 

0.0030 

4.290 

40.4295 

40.4266 

99.61 

256.01 

C.C012 

4.618 

40.4260 

40.4248 

Bi  r.  i--*  -te- 

P«D.  = OPT 


CeU  2 


K 

in  Ohas 

R +•  Hi 
in  Ohcs 

I(B  + B,  ) 
in  Volts 

1 in 

Microaaps. 

Sa 

in  Volts 

Sc 

in  Volts 

250,600 

250,562 

0.0216 

C.0361 

+0.4464 

40.4193 

100,000 

100,162 

0.0199 

O..390 

+0.4-^2 

.,0.4263 

50.580 

50,742 

0.0207 

0.4079 

i0.444l 

40.4234 

15,960 

16,122 

0.0184 

3.145 

+0.4391 

40.4207 

2,112 

2,274 

O.OOfc8 

2.»7 

+C.4>1«» 

40.424o 

545.5 

707.5 

0.0029 

4.143 

+0.4275 

40.4244 

99-61 

261.61 

0.0012 

4.417 

+0.4225 

40.4211 

Rj  = 157  Ohas 
P.D.  = 20  ciy 
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Table  19 

A . Oj-ldation  Fotentlola  of  A1  6l  S Elect.-odea  In  Aerated  Sea  Vater  and 

Inoculated  Nutrient  Medium 

Potentials  In  Volts 


Time  in 

Aerobic 

Anaerobic 

Hom*8 

Half -cell 

Half-ceU 

0 

-K5.499 

40.634 

24 

40.499 

40.639 

47 

40.501 

40.646 

71 

40.504 

40.655 

93 

40.511 

40.663 

118 

40.520 

40.678 

142 

40.512 

40.669 

iv;6 

40.498 

40.663 

B.  "f feces  of  Cell  Resistance 

on  Galvaid.c 

Cm'rent 

p. 

I(H  + Ri) 

I In 

R 4 Ri 

in  Ohius 

in  Volts 

Microanps . 

In  Oh^ 

250,400 

0.C251 

0.0921 

250,620 

100,400 

0.0092 

0.0194 

100,620 

52,050 

0.0055 

0.0669 

52,270 

15,040 

0.0010 

0.0672 

15,260 

2,112 

0.0001 

0.0568 

2,332 

549.6 

O.OOCO7 

0.0910 

769' 

R.  « 220  Oiims 
P^.  » 165  MV 


K P* 
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Table  20 

A.  Oxidation  Potentials  of  A1  6l  S Electrodes  in  Aerated  Sea  V/ater 
and  Sulfide-saturated  Bentonite 

Potentials  in  Volts 


Time  in 
Hours 

Aerobic 

Half-cell 

Anaerobic 
Half -cell 

0 

♦0.495 

♦0.489 

24 

♦0.499 

40.549 

47 

■K)-503 

40.628 

71 

40.508 

♦0.620 

93 

40.496 

40.612 

118 

40.498 

+0.597 

142 

♦0O.505 

40.583 

166 

♦0.506 

♦0.576 

B.  Effects  of  Cell  Resistance  on  Galvanic  CxuTent 

F. 

in  Ohms 

4 

I(R  + Ri) 

in  Volts 

I In 

Mlcroaso^s . 

R + Ri 
in  Ohms 

250,400 

0.0426 

0.1699 

250,600 

100,000 

0.018? 

0.1820 

100,200 

52,050 

0.0091 

0.1741 

52,250 

15,960 

- 

0.0023 

0.1422 

16,160 

2,U2 

0.00027 

0.1184 

2,312 

549.6 

O.OOCO7 

0.0910 

749. 

a:  200  Ohms 
•D.  = 72  mv 
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Tabic  21 -A  contains  potentlal-tliBe  data  taken  on  this  cell.  Oalvanlr 
current  and  resistance  data  are  presented  in  Table  21 -B.  The  data  from  Table 
21 -B  ..jre  used  to  prepare  the  current -resistance  curve  in  Figure  12.  The 
wsidta  recorded  are  very  similar  to  those  of  previous  "H"  cell  tests  of  AL 
cl  S.  The  galvanic  current  was  e;4.treinely  low  and  decreased  with  decreasing 
external  resistance.  The  cell  se-nned  to  be  auodlcally  polarized. 

In  the  three  experiments  on  aluminum  described  above,  it  should  be  noted 
that  all  of  the  cells  contained  high  concentrations  of  sulfides  and  that 
£,'al\'anic  current  was  very  low.  In  the  experiment  described  below,  the  ana- 
erobic half -cell  contained  sulfide-free  bentonite.  The  galvanic  cuz*rent  pro- 
duced by  this  cell  was  higher  than  in  any  of  the  other  alianlnum  cells.  Since 
sulfides  are  generally  corrosive  to  aluminum,  it  is  difficult  to  explain  these 
contradictoiy  curi-ent-reslstai  relationships . 

i . Aluminum  ^ 3 ^ Sulfide -free  Bentonite 

Data  are  presented  in  Table  22-A  and  Table  22-B  for  tests 
in  which  the  anaerobic  electrode  was  e^qposed  in  a sulfide-free  bentonitic 
slurry,  /tgain  the  aerated  electrode  was  cathodic  to  the  anaerobic  elec- 
trode. ‘The  ejqperlaental  procedure  was  the  same  as  in  other  "H"  cell  tests. 
Reference  to  the  potential -time  data  shows  that  the  open  circuit  potential  of 
the  anode  imia  almost  250  mv  greater  than  that  of  the  catliode  when  the  circuit 
was  cloGCii  TIU'-  hl{^  P,D.  is  reflected  in  the  galvanic  current  which  is 
about  10  txmes  aj  great  as  ar.y  of  the  cells  containing  sulfide.  IJhy  this 
should  h..;ve  occi.rred  is  not  at  all  clear  since  sulfides  are  generally  anodic 
stlnule ji's , Til-  relationship  between  galvanic  current  and  cell  resistance 
is  plotted  ii;  Figi're  13 . 

2.  Discussion  of  Eh  and  pH  Data 

Ej,  and  pH  data,  taken  on  "H"  cell  exposures,  are  presented  in  Table 
23*  The  cells  nine  identified  by  reference  to  tlie  tui«exouic  lialT-dell.  Ex- 
cept for  the  final  pH  and  initial  Ejj  values  of  the  aerobic  half -cells  and 
the  final  Eh  vedues  of  the  anaercbic  half-cdls,  the  "H"  cell  data  are  in 
general  agreement  with  the  beaker  cell  data  in  Table  6. 

Due  to  iastability,  measurements  were  difficult  to  make.  The  one  ex- 
ception to  this  statement  occvirred  with  anaerobic  systems  containing  sulfate- 
reducing  bacteria.  Saturating  a bentonitic  slurry  with  H2S  did  not  iovt*  ^ 
to  values  cmaparable  to  those  encountered  in  active  cultures  cf  bacteria.  It 
may  also  be  noted  that  redox  potentials  in  inocvilated  bentonite  were  not  as 
low  as  those  in  inoculated  mediiaa. 

In  the  beaker  cell  tests,  low  Ejj  may  have  been  partly  responsible  for 
the  anaerobic  electrode  being  cathodic  to  the  aerobic  electrode.  As  men- 
tloped  before,  the  low  values  noted  in  the  beaker  cell  tests  were  pro- 
bably due  to  microbiological  contamination.  In  the  "H"  cell  tests,  rigid 
bacteriological  controls  were  applied  and  no  data  ere  presented  from  cells 
which  ^-ere  biologically  contaminated.  In  the  latter  cells,  low  redox  poten- 
tials were  encountered  only  In  anaerobic  half -cells  containing  no  clay.  In 
such  cells,  the  anaerobic  electrode  was  cathodic  to  the  aerobic  electrode. 


Lon  Potentials 

of  Al  61  S Electrodes  in  Aerated  Sea  1 
Inoculated  Bentonite 

Potentials  Ir  Volts 

:ime  in 

Aerobic 

Anaerobic 

Hours 

Half -cell 

Half -cell 

0 

+0.498 

+0.654 

57 

+0.501 

+0.624 

72 

+0.502 

+0.622 

121 

+0.501 

+0.617 

1^2 

+0.499 

+0.617 

2kC 

+0.502 

+0.587 

286 

+0.499 

+0.561 

511 

+0.499 

■K).551 

pj>5 

+0.493 

+0.542 

B . Effects  of  Cell  Resistance  on  Galvanic  Current 


R 

in  Ohms 

I(H  + \) 
in  Volts 

1 in 

Mlcroamps. 

R +■  Ri 
in  Olnns 

250,600 

0.0052 

0.0206 

250,900 

100,400 

0,0035 

0.0326 

100,700 

52,050 

0.0025 

0.0469 

32,34c- 

15,040 

0.00055 

0.0359 

15,340 

2,136 

O.OOCO5 

0.0187 

2,436 

Rl  » 300  Ohms 
P.D.  » 50  nv 
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Table  22 


Oxidation  Potentials 

of  Al  61  S Electrode 0 

in  Aerated  Sea  Water  lind. 

Sulfide -free  Bentonite 

Potentials  in 

Volts 

Time  in 

Aerobic 

/inaeroblc 

Hours 

Half-ceU 

Half -cell 

0 

40.488 

40.884 

57 

40.504 

40.747 

72 

40.502 

40.828 

121 

40.502 

+0.795 

162 

40.506 

40.793 

240 

40.506 

+0.795 

286 

40.507 

40.702 

511 

40.511 

40.704 

>35 

4O.51U 

40.755 

B. 

R 

Effects  of  Cell  Resistance  on  Galvanic  Current 

l(R  4 Ri)  I in 

R 4 Rj^ 

in  Ohms 

in  Volte 

Microamps . 

in  Ohms 

250,600 

0,2010 

0.8015 

250,790 

100,000 

0.0997 

0.9950 

100,190 

52,050 

0.0748 

1.432 

52,240 

15,960 

0.0272 

1.687 

16,150 

2,136 

0.0040 

1.752 

2,326 

5^+7. 5 

0.0013 

1.742 

755.5 

100.7 

0.00054 

1.854 

290.7 

< 190  Olims 
P.D.  » 250  mv 


Ctll  61  S'-  Ool.o-I'^.  Currant  va.  Total  Call  Ftaaiutonca 
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It  Oi'ams  porbable  that  low  Eh  has  much  to  do  with  polarity  of  the  cells  de- 
sciibed  in  these  ejqjeriaents . 

Table  23  shows  that  substantially  lower  pH  values  were  found  in  the 
aerobic  half^cells  of  the  stex^le  and  inoculated  medium  esq^sures  than  in  any 
of  the*  other  aerobic  lialf -cells.  The  galvanic  current  ic  considered  rather 
loir  to  have  produced  this  effect  although  xio  other  reason  is  lanedlately 
apparent . 

A generalized  statement  concerning  possible  effects  of  Eh  and  pH  on 
corrosion  mechanisms  in  low  Ew  environments^  would  probably  be  of  more  value 
than  further  comment  on  specific  cells.  The  reader  is  referred  to  Mason  (15) 
for  a more  coiqplete  discussion  of  Eh  and  pH  in  natural  environments. 

Ejj  is  a relative  figure  referred  to  the  reaction: 

Hg  « 2H  + 2e- 

In  practice^  it  xs  the  open  circuit  potential  between  an  inert  electrode, 
such  08  a platinum  wire,  and  a standard  reference  electrode.  While  the  half- 
cell  potential  of  the  reference  electrode  is  constant,  the  half -cell  potential 
of  the  platinum  wire  will  depend  upon  the  ability  of  the  system  being  mens- 
vired  to  oxidize  or  reduce  another  chemical  system. 

Cor  .ider  the  equation: 

E ^ E„  f ]ji  Q 

° .nF 


and  the  reaction: 

= 2H'*’  + 2e-  (Eq  = 0.CX30) 

Solving  the  reaction  for  Q and  substituting  into  the  equation: 

® ^ 

where: 

E a the  haj.f-cell  potential  of  the  hydrogen  electrode  ur.'^er  any  con- 
dition of  t^nperature,  Hg  pressure  and  hydrogen  ion  concentration. 
E^5  a half -cell  potential  of  the  standard  hydi-'sen  electrode 
R a gas  content  (0.514  Joules  degree"^  inol“l) 

T a absolute  tenqperature 

n a nxanber  of  electrons  Involved  in  the  reaction 

F a Faraday's  number 

(H*)  a hydrogen  ion  concentration 

At  25°  J the  expression  oispplifles  to: 

E a 0.000  + 0.06  log  (H^') 
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At  pfc  » 6,  log  (H*)  « -6  and  the  expreasion  above  beconea: 

E e -.3S0  volt 

Thus  at  a pH  of  6 In  a ayatem  vitb  a redox  potential  of  -'i€C  m,  the  l^ydnigen 
oxidation  reaction,  written  above,  would  be  in  e^villbrium.  If  the  % were 
to  become  slightly  more  negative,  hydrogen  gas  could  theoretically  be  evolved 
from  any  surface  at  ^dilch  hydrogen  Ion  could  be  reduced.  This  does  not  occur 
in  nature,  however,  because  of  hydrogen  overvoltage. 

For  instance,  a greater  potential  than  the  theoretical  i>otentlal  Is  re- 
qtilred  to  break  the  adsorption  bond  of  atoodc  hydrogen  to  steel.  At  least  a 
part  of  this  required  energy  co\;id  be  si^plled  by  the  potential  difference 
between  the  anode  and  cathode  or  a galvazU.c  cell  similar  to  those  described 
in  these  experiments.  Thus,  If  the  polarity  of  the  cell  favors  the  reaction, 
l.e.,  if  the  anaerobic  electrode  is  cathodic,  then  it  is  possible  for  cathodic 
depolar.lcatlon  to  occur  Independently  of  the  metabolic  activity  of  sulfate- 
reducing  bacteria.  Actually,  the  breaks  In  the  galvanic  current-cell  resis- 
tance curves  in  Figure  7 may  be  interpreted  this  way.  If  the  interpretation 
is  correct,  the  effects  of  sulfate-reducers  would  be  realized  at  extremely 
high  external  resistances.  Corrosion  by  sulfate-reducing  bacteria  is  usually 
considered  a micro-cell  mechanism  in  which  the  external  resistance  woxild  be 
extiemely  low.  Thus,  it  is  possible  that  the  study  of  anaerobic  ndcrobic- 
logicol  cor.''<j6i  a should  actually  hinge  tq>on  the  determination  6f  hydroget: 
overvol^jge  under  low  conditions. 


CONCLUSIONS 

iUthougti  e^erlmental  results  have  been  discussed  as  they  were  presented, 
a few  general  comnents  may  aid  in  relating  these  studies  to  the  general  field 
of  corrosion  esqperlmentstlon. 

, The  most  important  single  fact  that  ran  be  established  by  corrosion 
tests  is  the  polarity  of  the  galvanic  cell  under  consideration.  Beyond  this, 
coirroslon  testing  is  send -quantitative.  Although  the  Instruments  and  tecU- 
nlqties  sq^ied  are  inherently  cepable  of  yielding  precise  and  accurate  re- 
sults, the  Inhonogeneity  of  cooBercial  metals  and  alloys  makes  it  inqpossible 
to  reproduce  potential  and  current  values.  For  this  reason,  corrosion  test- 
ing belongs  in  the  general  category  of  statistical  studies  in  ^ite  of  ^e 
fact  that  the  er^erimental  methods  es^loyed  are  based  on  sc&e  of  the  most 
precisely  known  relationships  in  physical  chemistry. 

Ihiless  the  corrosion  test  is  carried  out  under  conditions  identical  to 
those  in  nature,  the  resiilts  cannot  be  reliably  applied  to  corrosion  engi- 
neering. It  msy  be  zciueobered  that  in  the  experiments  described,  the  polar- 
ities of  cells  containing  mild  steel  In  clays  were  actually  reversed  by 
changing  from  beaker  cell  to  "H"  cell  ejqposures.  Zf  these  e>perlment8  were 
a pert  of  a cooplete  corrosion  investigation,  the  next  pliase  worrld  be  field 
testing.  To  the  authors  knowledge  no  work  has  been  done  on  the  distribution 
of  relative  polarities  on  metals  extandlng  through  the  mud  line  in  marine 
environments.  The  ejqperiments  also  point  out  a need  for  studying  electrical 
conductivity  of  different  clay  types  in  natural  sedimei.ts.  It  would  also  be 
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advisable  to  diq;>llcate  botton  oxygen  concentrationa  in  aerated  half-cells  if 
further  laboratory  studies  were  uade. 

V/hile  the  galvanic  current  values  reported  in  these  esqperlJDents  aey 
appear  to  be  too  low  to  produce  serious  corrosion,  it  should  be  kept  in  Mnd 
that  it  is  not  possible  to  cooqpletely  Isolate  local  anodes  and  cathodes  in 
order  to  include  them  in  oeasurlng  circuits.  Polarization  cvirvec  provide 
Liuch  inforratlon  on  limiting  galvanic  current  but  in  these  experiisents  the 
cvir;e8  are  probably  least  accurate  in  the  region  of  low  cell  resistance. 

Tlaere  is  also  to  bu  considered  the  possible  effects  of  and  pH  on  anaerobic 
corrosion.  A very  interesting  study  could  be  made  by  Doolfying  the  proced’ire 
and  repeating  parts  of  this  work.  Using  a cell  of  extresiely  low  internal  re- 
sistance and  a lilgn  fre.-.uercy  electronic  interrupter  to  alternately  make  gal- 
vanic current  ami  potential  ceesurements  of  corroding  electrodes,  more  realis- 
tic rcsxiltc  could  be  obrained  tlian  those  reported. 

In  conclusions,  three  observations  are  of  particular  interest.  These 

are : 


1.  In  concentration  cells,  such  as  those  described  la  these  experiments, 
it  is  possible  tliat  the  cathodic  electrode  may  exist  in  the  oaygen-free  envi- 
roiinent , 


C.  ' .u:  vt  flia  of  sulfate -j-educing  bacteria  used  in  these  e:Q»eriinent‘ 
apparen-  ly  capable  of  depolarizing  a steel  cathode. 

5.  With  the  mod-*  fi  cat  ions  listed  above,  the  method  of  investigation 
employed  offers  unch  greater  promise  of  criticallj'  evaluating  microbiological 
corrosion  mschaaisms  than  other  methods  currently  in  use. 
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APPEKDIX 


A.  Pretreatoent  of  Bar.tonlte 

1.  Effects  of  Bentonite  on  P.edox  Potential  and  pH  of  Sea  Water 

In  the  first  atten^ts  to  grow  sulfate -reducers  In  slurries  of  benton- 
ite In  bacteriological  ntedlum,  the  cloy  cotqpacted  so  flnaly  that  it  vas  thought 
impossible  for  that  organism  to  grow  In  It.  This  vas  considered  to  be  diie  to 
the  lii^i  concentration  of  calcium  ion  in  the  medlim.  Calcium  ion  vas  replaced 
vrith  sodium  Ion  and  soiac  isiprovcment  resulted  but  bacteria  could  still  not  be 
made  to  grov  readily  In  the  clay.  This  occasioned  a more  systematic  exsadna- 
tlon  of  the  effects  of  bentonite  on  physico-chemical  properties  of  sea  water 
and  the  medium  ecployed. 

It  vas  considered  advisable  to  attetQ>t  to  find  the  volume  of  sea  vater 
necessary  to  stabilize  a given  quantity  of  bentonite  vit!i  respect  to 
pH.  These  factors  are  important  in  culturing  sulfate -reducers.  A pH  of  6.4 
to  7*0  and  a low  insure  more  rapid  growth  although  the  tise  of  a Brewer 
anaerobic  Jar  (Step  5»  Cell  Preparation)  somewhat  mitigates  the  and  pH  de- 
mands made  of  culture  media.  It  would  be  bevond  the  scope  of  this  problem  to 
completely  evaluate  effects  due  to  bentonite  and  although  the  results  were  not 
altogether  satisfactory,  the  system  described  below  was  employed  in  determin- 
ing the  volume  of  sea  vater  required  to  pretreat  bentonite. 

Me  .surablc  effects  of  bentonite  on  either  the  pH  or  of  sea  water  bnould 
become  evident  by  measuring  these  factors  in  a sea  vater  si^matant  frea.  which 
bentonite  has  settled.  In  order  to  test  this  possibility,  various  concentra- 
tions of  bentonice  were  prei>ared  using  sea  vater  filtered  through  a Seitz 
filter.  The  E and  pH  of  the  supernatant  sea  water  were  measured  and  recorded 
at  the  indicated  times.  E^^  was  measuzxid  at  a platinum  wire  with  respect  to 
a saturated  calomel  electrode  ard  since  the  factor  0(£^},  defined  below,  is 
arbitrary,  Ejj  measurements  have  not  been  referred  to  the  hydrogen  electrode. 
Immediately  after  making  a cwasurcaent,  the  bentonitic  slurry  vas  stirred  with 
a magnetic  mixer  for  several  mlnutea  a^  ^he  clay  vas  permitted  to  settle  frrxa 
the  sea  vater  before  the  next  meaaurer^nt  was  made . These  values  became  .'e- 
latively  stable  after  about  40  hours  and  the  tests  were  teirainated.  The  data 
are  presented  in  Table  1-A.  The  sredox  potentlolc  are  reported  In  millivolts 
and  the  number  of  significant  figures  reflects  the  stability  of  the  system. 
There  vas  no  apparent  reason  for  variable  stability  but,  in  general,  the  more 
positive  poten'^^als  shoved  greater  stability. 

Since  considerable  variation  occurred  in  the  and  pH  of  the  sea  vater 
blank,  it  was  necessary  to  consider  how  much  of  the  and  pH  change  in  the 
sanples  was  due  to  reactions  with  bentonite.  The  Eh  and  i>H  data  were  plotted 
against  time.  The  water  blank  minus  that  of  each  bentonite  con- 

centration, vas  read  xiom  points  simultaneous  in  time  on  these  curves  and  re- 
corded as  D(E}j).  Values  for  the  pH  of  the  sea  water  blank  minus  that  of  the 
aeveral  saoples  were  recorded  as  0(pH}.  Bentonite  concentration  is  considers. i 


The  notation,  E^/  is  ixsually  considered  to  be  raferred  to  the  standard 
hydrogen  electrode  but,  for  convenience  of  presentation,  it  implies  here 
the  open  circuit  potential  between  a platinum  wire  and  the  saturated 
calcsael  electrode. 
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to  be  primarily  responsible  for  the  mas^itudeo  of  D(E}^)  and  D(pH).  These 
valuer  are  plotted  against  log  bentonite  concentration  In  Figure  1>A.  The 
curves  tre  prepared  only  from  data  taken  after  4?  hours  of  ejqposure. 


Table  1-A 

Effects  of  Bentonite  on  and  pH  of  Sea  VJater 


Bentonite 

Eh  ( 

mv) 

pH 

Hours  of 

Concentration 

Sample  1 

-nmple  '.2 

San^le  1 

Semple  2 

Exposure 

0 g/1 

-25 

-25 

8.01 

8.01 

1 

>1  II 

+150 

+164 

8.06 

8.09 

26 

II  II 

+153 

+152 

8.16 

8.17 

32 

II  It 

+57 

+37 

8.17 

8.17 

42 

:t  It 

+38 

+38 

• «■«••» 

— 

45 

0.01  ../I 

-6.8 

-3.4 

8.00 

8.01 

2 

II  1 

+162 

+156 

8.08 

8.10 

26 

:!  II 

+150 

+154 

8.16 

8.14 

32 

It  11 

+u7 

+67 

8.17 

8.16 

43 

If  11 

+39 

+41 

— 

— 

46 

0.1  g/l 

+7.3 

+18.7 

8.02 

8.02 

2 

II  If 

+156 

+155 

8.06 

8.09 

26 

II  11 

+130 

+132 

6.14 

8.15 

52 

If  It 

+63 

+58 

8.16 

8.18 

45 

11  ft 

+95 

+57 

« w 

— 

48 

1.0  g/l 

+ 27.7 

+13.2 

8.02 

8.02 

3 

tf  It 

+75 

8.09 

8.08 

26 

n I 

+128 

+119 

8.14 

8.14 

33 

II  It 

+47 

+47 

8.15 

8.15 

43 
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Table  1-A  (cent.) 

Ef;?ectB  of  Bartonite  on  Ej^  and  pH  of  3ca  '-.'ater 


Bentonite 

Eh  (nv) 

pH 

Hours  of 

Cone 

entration 

Sample 

1 Sample  2 

Sample 

1 - Sunple  2 

Ex  osure 

1. 

0 b/i 

+51 

+45 

— 

— 

48 

5- 

0 s/i 

+16 

♦30.2 

7.90 

7.89 

3 

ii 

tl 

+73 

+78 

8.04 

8.04 

26 

ti 

tl 

+121 

+120 

8.08 

8.10 

33 

tl 

II 

+U6 

+46 

8.11 

8.12 

44 

II 

11 

+59 

+43 

— 

— 

48 

10 

•0  g/1 

+51.3 

+31-3 

7.84 

7.86 

3 

tl 

II 

+78 

+76 

8.00 

8.01 

26 

ft 

It 

+102 

+102 

8.01 

8.05 

33 

tl 

H 

+61 

+64 

8.04 

8.04 

44 

tl 

It 

+45 

+47 

— 

W M 

48 

20 

.0  g/l 

+35.7 

+34.3 

7.74 

7.78 

4 

tl 

If 

+87 

■t88 

7.99 

8.00 

26 

II 

tl 

+93 

+93 

7.94 

7.98 

33 

II 

If 

+ 62 

+68 

7.95 

7.98 

44 

II 

II 

+42 

+33 

49 

2.  Effects  of  Bentonite  on  Nutrient  Medium 

After  the  last  and  pH  mcaaurements  luid  been  made,  the  supernatant 
sea  vater  vas  decafi»ed  and  replaced  with  an  equal  volume  of  nutrient  medium. 
These  mixtures  vere  s+erillzed  and  left  covered  for  36  hours.  During  this 
time  tlie  clay  fiactlon  vas  resuspended  several  times  by  agitation.  At  the 
end  of  the  exposure  period  the  beakere  vere  uncovered  and  measurements  of  E^ 
and  pH  were  made.  B(E^)  and  D(pH)  were  coiuputed  as  before.  Table  2-A  con- 
tairib  these  data  as  the  average  of  two  sonples.  E^  and  pH  data  vere  also 
taken  at  time  intervals  after  the  first  36  hoiurs.  It  soon  became  evident, 
however,  that  the  effects  being  measvired  were  those  of  biological  contamina- 
tion introduced  by  the  measuring  electrodes.  In  order  to  prevent  Introducing 
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this  error.  It  yould  have  been  necessary  to  maintain  sterility  until  ia- 
aedlately  before  making  any  measurement.  None  of  the  data  on  changes  in 
ar.il  pH  with  time  are  presented. 


Table  2~A 


Effects  of  Bentonite  on  and  pH  of  Nutrient  Medium 
Bentonite 


Concentration 

pH 

Eh(Bv) 

D(pH} 

D(Eh)  In  mv 

0 g/1 

6.50 

-55 

— 

— 

O.Cl  B/1 

6,92 

.70 

-0.U2 

+15 

0.1  g/1 

6.68 

-k7 

-0.38 

-0 

1.0  g/1 

6.60 

-35 

40.02 

-20 

5.0  g/1 

6.66 

+15 

-0.16 

-70 

10. p g/l 

6.00 

+lb 

-0.30 

-69 

20.0  g/i 

6.93 

+7 

-0.43 

62 

The  data  plotted  in  Figure  1«A  indicate  that  concentrations  of  bentonite 
in  sea  vater  xdiich  exceed  1 gram  per  liter,  produce  rather  menrked  effects  on 
pH.  y^parently  the  change  in  attributable  to  bentonite,  takes  place  at 
aboxit  0.1  gram  3;>er  liter.  The  data  in  Table  2-A  show  that  these  same  con- 
centrations of  bentonite  are  critical  with  respect  to  and  pH  changes  in 
the  nutrient  medium.  The  smallest  valite  of  D(pH}  occurred  vlth  a bentonite 
concentration  of  1.0  gram  per  liter  of  nutrient  medium  and  the  smallest  value 
of  D(Eh)  occiured  vlth  a bentonute  concenx.^ation  of  0.1  gram  per  liter  of 
nutrient . It  may  also  be  noted  from  lM>le  2-A  that  the  greatest  dlfferen<'.e 
in  E}.  betveen  any.  tvo  sanqples  Is  70  mv  and  the  greatest  difference  in  pE  Is 
0.^5  unit.  All  values  of  pH  are  below  7.0  and  the  most  positive  E)}  is  -flk  mv. 
This  would  indicate  that  neither  the  buffer  capocity  nor  the  redox  poise  of 
the  medium  had  been  greatly  exceeded. 

During  the  course  of  the  entire  research  program,  there  were  soete  50  ot 
more  e]q>osuzt!s  made  In  clay.  Due  to  the  lack  of  c'.  sufficient  quantity  of 
aged  sea  water,  it  was  is^sslble  to  pretreat  the  clay  with  the  volume  of 
sea  vater  shown  to  be  required  by  the  abo\'e  tests.  AssvBDlng  50  e:q>osiire8  of 
5 grams  of  clay  per  r::pc3ure,  2500  liters  of  aged  sea  water  would  have  been 
required  for  merely  stabilizing  clay  with  respect  to  E^  and  pH.  Based  pri- 
marily on  the  limitations  Just  stated  and  the  data  plotted  in  Figure  1-A,  10 
grams  of  cli^  per  liter  of  nutrient  medium  was  mther  arbltraxlly  chosen  as 
the  pretreatment  ratio.  On  the  basis  of  electrochemlca}.  results  obtsdned, 
this  method  is  not  considered  adequate  although  sulfate-reducers  can  be 
to  grow  in  clay  which  has  been  sterilized  in  nutrient  medium  at  a concentra- 
tion of  10  grama  of  clay  per  liter  of  nutrient. 
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